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Enzyme Loops in Substrate Specificity

Mioara Larion* Lauren B. Mooré, Steven M. Thompsohand Brian G. Millers*

Department of Chemistry and Biochemistry and School of Computational Science, The Florida Stetsityni
Tallahassee, Florida 32306

Receied May 14, 2007; Résed Manuscript Receeéd August 16, 2007

ABSTRACT: The p-allose andN-acetylb-mannosamine kinases &scherichia coliK-12 are divergent
members of the functionally diverse ROK (repressor, open reading frame, kinase) superfamily. Previous
work in our laboratory has demonstrated that AlsK and NanK possess weak phosphoryl transfer activity
toward the alternate substrateglucose. To gain insight into the evolutionary mechanisms that fuel the
specialization of individual enzyme function, experimental laboratory evolution was conducted to improve
the glucokinase activities of AlsK and NanK. Error-prone PCR was combined with in vivo functional
selection in a glucokinase-deficient bacterium to identify four independent single nucleotide substitutions
in thealsK andnanK genes that improve the glucokinase activity of each enzyme. The most advantageous
substitutions, L84P in NanK and A73G in AlsK, enhance khgK, values for phosphoryl transfer to
glucose by 12-fold and 60-fold, respectively. Both substitutions co-localize to a variable loop region located
between the fourtlf-sheet and the secondhelix of the ROK scaffold. A multiple sequence alignment

of diverse ROK family members reveals that the A73G substitution in AlsK recapitulates a conserved
glycine residue present in many ROK proteins, including some transcriptional repressors. Steady-state
kinetic analyses of the selected AlsK and NanK variants demonstrate that their native activities toward
p-allose and\-acetylo-mannosamine are largely unaffected by the glucokinase-enhancing substitutions.
Substrate specificity profiling reveals that the A73G AlskK and L84P NanK variants display systematic
improvements in thé:./Km values for a variety of nonnative carbohydrates. This finding is consistent
with an evolutionary process that includes the formation of intermediates possessing relaxed substrate
specificities during the initial steps of enzyme functional divergence.

Modern experimental techniques in molecular biology and protein catalysts that share a common ancestor and possess
microbial genetics have made possible the rapid evolution an overlapping alternate functiorb,(6). Recently, our
of protein catalysts within the laboratory in a manner that laboratory has discovered a series of divergent bacterial sugar
closely resembles the process of natural divergent evolutionkinases that belong to the ROKuperfamily (Pfam 00480),
(1—4). These methods offer a unique opportunity to identify which fits this description 4, 8). The ROK superfamily
underlying principles that govern which features of a represents a functionally diverse group of prokaryotic
progenitor catalyst are targeted for alteration during the proteins that includes carbohydrate-responsive transcriptional
specialization of enzyme function. A detailed investigation repressors and sugar kinas8s ROK transcriptional repres-
of laboratory-based experimental enzyme evolution promisessors are signified by a conserved N-terminal helixrn—
to reveal common mechanisms for the generation of new helix motif that affords DNA binding, whereas ROK kinases
catalytic activities during sequential rounds of mutational contain an N-terminal ATP-binding motif denoted by the
drift and natural selection. In addition, the ability to sequence DXGXT0). Presently, the Pfam database con-
understand how single amino acid substitutions within a tains more than 1600 ROK members, many of which possess
given enzyme scaffold stimulate changes in individual kinetic unknown physiological functions. Within the last 3 years,
constants should provide unique insight into the linkage the crystal structures of several ROK polypeptides have been
between a protein’s three-dimensional structure and its determined. Included among these are unliganded structures
biological function. of Escherichia coli Nacetylp-mannosamine kinase (PDB
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synthetic small-molecule catalys®3]. Specificity is define
A D-glucose D-glucose 6-phosphate th t . ” I I t I S f d f d
by the ratio of second-order rate constarkg/Km, that
I L N . CHzO”gal'OH govern the transformations of two competing substrates.
B w o] + oA Ko Nank b on ]+ ADP + Ht Several models have been put forth to explain the structural,
Ny " Glk oY= " thermodynamic, and kinetic basis for enzyme specificity,
often amid much discussion24, 25). One particularly
- beallose N-acetyl D-mannosamine controversial issue is the extent to which enzyme confor-
chon cHaon mational changes participate in substrate discrimina@ér (
n 4 o oH WA o>1oH 28). A consensus has yet to be reached on this isgge (
N8 N 31); however studies aimed at uncovering the evolutionary
OH  OH WO ETCHs origins of substrate discrimination in protein catalysts may
C provide additional insight.
D-altrose D-mannose 2'-deoxy-D-glucose 1,5 anhydroglucitol The sugar kinases encompassed by the ROK Superfamily
CH,OH CH,0H CH,0H CH,0H offer a unique opportunity to explore the evolutionary origins
(0} agr _» .
a0 e ot nN TN of enzyme specificity. Here, we probe evolutionary events
OH H . . . . . - .
S v (LR H  on Ho on H that occur during the optimization of glucokinase activity in
foon HeooH Hooon two members of the ROK superfamily, Alsk and NankK,

o e osbrensson of hcose, 5 Ceabreaoy A Which share only 2196 sequence denty wih one another.
substrates. (C) Structures of alternate Alsk and NanK substrates.F0llowing random mutagenesis and in vivo functional
selection, we identify two structurally overlapping mutational
2AA4) andSalmonella typhimurium fdcetylo-glucosamine “hot spots” in the sugar kinase scaffold. Steady-state kinetic
kinase (PDB 2AP1), as well as the structure of Ehecoli analyses of the selected variants demonstrate that the native
transcriptional repressor Mic (PDB 1Z6R)1-13). Notably, activities of AlsK and NanK are largely unaffected by the
the unique inorganic polyphosphate/ATP-glucomannokinase9|UC0k'”ase‘e”ha”C'”9 substitutions. Furthermore, the vari-
from Arthrobactersp. strain KM is the only ROK kinase ants have acquired an increased ability to phosphorylate a
whose structure has been determined with a carbohydrateV@riety of nonnatural carbohydrate substrates as a result of
bound at the active site (PDB 1WOQ)4). This enzyme the evoluthnary process. These fmgﬂ_ngs prowde insight into
lacks the CXCGXXGC sequence motif present in the the determinants of substrate specificity in the ROK super-
founding members of the ROK family first described by Saier family and support previous reports suggesting that alter-
and colleagues, but it retains the core ROK family signature &tions in enzymesubstrate selectivity proceed through
pattern (5). The crystal structure d. coli glucokinase has ~ Nonspecialized intermediate32 33).
also been recently determined in the presence of glucose;
however, this enzyme is distantly related to other ROK MATERIALS AND METHODS

prpteins and i_t is not currently classified as a member of Random Mutagenesis of alsK and naicor-prone PCR
this superfa@ly 16). ) of the nativealsK andnanK genes were carried out with the
The E. coli K-12 genome harbors the coding sequences Gene Morph Il random mutagenesis kit (Stratagene) and the
for four ROK sugar kinases: allokinase (AlsK}7 18), following oligonucleotide primers: AlsK forward, &TT
N-acetylb-mannosamine kinase (Nank)q, 20), N-acetyl-  TAA GAA GGA GAT ATA CCA TG-3'; AlsK reverse, 5
D-glucosamine kinase (Nagk21), and manno(fructo)kinase ~GGT GCT CGA GTG CGG CCG:3NanK forward, 5
(Mak) (22). These four enzymes are derived from a common GGC GGT GCC ATG GCC ACA CTG GCG ATT GAT
ancestor and each possesses a low level of phosphoryl\TC G-3: and NanK reverse, 82TG TAC TTC ACC CAT
transfer activity toward the alternate substraieglucose CCG GCC GAT TTT TCT CCC-3 Template plasmid
(Figure 1). The latent glucokinase activities of these enzymes, (pBGM101-alsk or pPBGM101nanK; 1 ug) (7, 8) was used
which range from~100 to 1000 M* s™%, are several orders  in each reaction, and 25 amplification cycles were performed
of magnitude lower than the catalytic efficiency displayed to achieve an average mutation rate of 1 base pair change
by nativeE. coli glucokinase 7, 8). In contrast, theea/Kn per gene. Following amplification, the reaction mixture was
value of each enzyme acting upon its na_tive s_ubstrate exceedgreated withDpnl (20 units) fa' 1 h at 37°C to digest parental
10 M~* s™%, as expected for a physiologically relevant pNA and the products were purified with the Promega PCR
activity. How differences in substrate specificity have arisen cleanup kit. The resulting mutagenized product was digested
within the ROK superfamily of bacterial sugar kinases, given ith Eag (5 units) andNcd (5 units) far 2 h at 37°C,
the h|gh level of structural S|m||a.r|ty between the native purified again with the PCR C|eanup k|t, and added to a
carbohydrate substrates of each member (Figure 1), isjigation reaction containing appropriately digested pB-
unknown. GM101.1 vector (lug) and T, DNA ligase (40 units). The
The evolutionary origin of enzyme specificity is of ligation reaction was incubated overnight at°7, and then
particular interest to our laboratory. Most contemporary the reaction was quenched by heating at@0for 10 min.
enzymes possess the ability to recognize subtle structuralThe ligation products were precipitated via the addition of
differences in individual substrate molecules, often at the sodium acetate (0.3 M) and ethanol (70%) with incubation
single-atom level, and to transform these differences into at —20 °C for 1 h. The reaction mixture was centrifuged at
large variations in catalytic efficiency. Indeed, substrate 1600@ for 10 min to collect the DNA pellet, which was
selectivity is a distinguishing characteristic of protein subsequently washed with 2p0 of ice-cold ethanol (70%).
catalysts, one that is largely unrealized in the world of Following a second centrifugation step at 16§0Be pellet
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was isolated and resuspended ing50f 37 °C nuclease-
free water.

To evaluate the quality and mutational frequency of the
alsKk andnanK libraries, a small aliquot of each library was
transformed into electrocompetent BM5340(DE3) cells via
electroporation. Transformed cells were plated on Ldria
Bertani plates containing ampicillin (15@/mL), chloram-
phenicol (254g/ mL), and kanamycin (40g/mL), and single
colonies were isolated following overnight incubation at 37
°C. Ncd andEagd double digests of miniprep DNA prepared

Larion et al.

centrifugation at 700§ for 15 min, and the resulting cell
pellet (3 g) was resuspended in 12 mL of buffer A, containing
sodium phosphate (75 mM, pH 7.6), glycerol (5% w/v), and
imidazole (25 mM). Cell extracts were prepared by passage
through a model 110L microfluidizer (Microfluidics Corp),
and the resulting cell lysate was cleared by centrifugation at
1500@ for 30 min at 4°C. The supernatant was syringe-
tip-filtered (0.2um) and then loaded oota 5 mLHisTrap

FF crude column that had been previously equilibrated with
buffer A. Following loading, the column was washed with

from individual clones demonstrated that more than 80% of 10 additional column volumes of buffer A containing 40 mM
library members possessed an insert. A total of 18 clonesimidazole. Purified enzymes were eluted in buffer A contain-

were selected from rich LuriaBertani plates and the plasmid

ing 250 mM imidazole and were dialyzed overnight against

DNA from each was sequenced to reveal a mutation two sequentiB2 L aliquots of Tris-HCI buffer (25 mM, pH

frequency of 0.9+ 0.6 bps per gene. Serial dilutions of
transformed BM5340(DE3) cells were plated on antibiotic-
supplemented LuriaBertani plates to yield estimated library
sizes of 7.3x 1P transformants for thalsK library and 8.6

x 10 transformants for theanKlibrary. These library sizes

7.6) containing MgS®(5 mM), glycerol (5% w/v), and DTT
(0.5 mM). Protein concentrations were estimated from
absorbance readings at 280 nm by use of previously
determined molar extinction coefficients of 15 000 ¢rfor
NanK and 34 900 cni for AlsK (7, 8). The purity of all

are sulfficiently large to ensure that all possible single base enzymes was judged to 295% on the basis of polyacry-

pair changes are sampled in each library.
Genetic Selection Experimeni®o select for amino acid
substitutions that improved the glucokinase activity of AlsK

lamide gel analysis.
Enzyme Assayshe glucokinase activity of individual
enzymes was measured by coupling the production of

and NankK, error-prone PCR libraries were transformed into glucose 6-phosphate to the reduction of NAD#a glucose-

electrocompetent BM5340(DE3) cells. Following recovery
at 37°C for 1.5 h in SOB medium (20 g tryptong g yeast
extract, 0.5 g NaCl, and 0.19 g KCI per liter of water)
supplemented with glucose (20 mM) and Mg20 mM),
transformed cells were pelleted by centrifugation at 3000
washed twice with 1 mL of M9 minimal medium, and plated
on M9 minimal plates containing glucose (0.005% wi/v),
ampicillin (150ug/mL), chloramphenicol (2xg/mL), and
kanamycin (4Qug/mL). Selection plates were also supple-
mented with IPTG at a final concentration of either /84

for NanK selection experiments or 1/ for AlsK selection
experiments to induce protein production. The total fraction
of complementing clones was 0.128% for thenK library
and 0.064% for thelsK library. Approximately 1% of the
total complementing clones from each library afforded
colonies within 2 days of growth at 37C on glucose-

6-phosphate dehydrogena8d)( To determine appare#iy,
values for glucose, reaction mixtures contained Tris (0.2 M,
pH 7.6), NADP" (0.5 mM), DTT (1 mM), ATP (7.5 mM),
MgCl, (8.5 mM), and G6PDH (7.5 units). Enzyme activity
with allose, altrose, 2-deoxyglucose, mannose,Nvadetyl-
D-mannosamine as substrates was measured by coupling the
production of ADP to the oxidation of NADH via the
combined action of pyruvate kinase (15 units) and lactate
dehydrogenase (25 units}g). Assays contained Tris (0.2
M, pH 7.6), NADH (0.5 mM), DTT (1 mM), phospho-
enolpyruvate (PEP) (5 mM), ATP {85 mM), MgCL (6—

26 mM), and KCI (5 mM). To determine the apparétt
values for ATP, the same experimental conditions were
employed at saturating concentrations of carbohydrate.
Assays were conducted at 2& and were initiated by
addition of the enzyme under investigation. Data were fitted

supplemented M9 minimal plates, and these subpopulationsto standard MichaelisMenten kinetic equations, with each
were selected for further study. Control experiments verified data point representing the average of at least two individual

that expression of the wild-typganK andalsK genes does
not produce colonies within this time frame under the

selective growth conditions described above, and the wild-

rate determinations. Assays of wild-type and variant NanK
acting upon 1,5-anhydroglucitol were conducted by the
lactate dehydrogenase/pyruvate kinase linked assay at satu-

type genes were never recovered in the library selectionrating ATP concentrations (25 mM) and subsaturating

experiments. Mini-prep DNA prepared from individual

colonies was retransformed into electrocompetent BM5340-

concentrations of carbohydrate. THe./K, value was
determined from the slope of the linear plot of the rate of

(DE3) cells and the selection was repeated as described abovBlAD production as a function of 1,5-anhydroglucitol con-

to verify the growth phenotype of primary selectants. The

fastest growing library members from this second round of

selection were submitted for sequencing.
Enzyme Expression and Purificatioenzymes were
produced in the glucokinase-deficightcoli strain BM5340-

centration.

Multiple Sequence Alignment and Phylogenetic Analysis.
An initial ClustalW (36) alignment ofE. coli AlsK and NanK
was used to produce a HMM profil87) with HMMerBuild.
This HMM profile was then used to search for homologous

(DES3) to avoid contamination with endogenous glucokinases. sequences in UniProt Release 9.6 with HMMerSearch. A

Cultures were inoculated to an initial Qg of 0.01 and
cells were grown at 37°C in Luria—Bertani medium
containing ampicillin (15@:g/mL), chloramphenicol (2ag/
mL), and kanamycin (4@g/mL) until the OQgonmreached
0.9. IPTG was added to a final concentration of 1 mM to

natural break irExpectatiorvalueswas apparent within the
results between ¥ 10~7¢and 3x 10750, Therefore, in spite

of the presence of hundreds of homologous sequences, all
sequences WithE values higher than 1x 10776 were
eliminated from the data set. HMMerAlign was then used

induce gene expression, and cultures were grown for anto align the remaining data set to the initial HMM. Nearly

additional 2-3 h at 37°C. Bacteria were harvested by

redundant sequences were then eliminated and a new HMM
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Bl (2 B3 al B4
— T} —

#*NanK (E. coli) 2 TTLAIDIGGTEKLAAALIGAD-GQIRD-RRELPTPAS---QTPEALRDALSALVS-P---LQ-=-==-== AHAQRVAIASTEIIRDGSLL----AL 75

AlsK (E. E:Gli} 7  VVAGVDMGATHIRFCLRTAE-GETLH-CEKKRTAEV----IAPGLVSGIGEMIDEQLRRFN====== ARCHGLVMGFPRILVSKDKRT----I1 83
+NagK (5. typh) 2 -YYGFDIGGTEIALGVFDST-RRLOQW-EKRVPTPHT----SYSAFLDAVCELVE-E---ADQRF---GVEKGSVGIGIP ETEDGT----LY 76

MaK (E. coli) 3 --IGIDLGGTKTEVIALGDA-GEQLY-RHRLPTPRD----DYRQTIETIATLVD-MAEQAT====== GORGTVGMGIPE®SISFYTGV----VK 76
# PgmK (Art. sp) 14 -LIGIDIGGTGIKGGIVDLKKGKLLGERFRVPTPQP---ATPESVAEAVALVVA-E---LSARPEAPAAGSPVGVTFPEIIQHGVVH--—--- s 93
# ¥YdhR (B. subt) 2 -LGGIEAGGTEFVCAVGRED-GTIID-RIEFPTEM---————-- FDETIERVIQ-Y---FSQ-==== FSLOAIGIGS VDNDETSQTYGTI 73
* Mle (E. Cﬂli} 99 LALR-DL-S5SKLVV---=-EE-=5—====—= QELALKDDLPLLDRIISHIDQFFI-RHQEEKL====== ERLTSIAITLPEIIDTENGI----VH 165

AT73G (AlsK)
[s0) 5 [F] 6 (7

NanK (E. coli) 76 NPHN--LGGLIHFPLVETLEQLTNLPTIAINDAQARAWAEFQALD--GD-ITDMVFITVSTGV SGCELLTGPGGLAGHIGHTLA---- 159

AlsK (E. Coli} 84 STPNLPLT YDLADELENTLNCPVEFSROVNLOLSWDVVENRL-TO--QLVLAAYLGTG NGAPWTGAHGVAGELGHI--———— 167

NagK (S. typh) 77 -RAN--VP KPLRADLSARLDRDVRLDNDANCFALSEAWDDEF-TQ-YPLVMGLILGTGV! NGKPITGQSYITGEFGHMRLPVDA 164

MaK (E. coli) 77 HNAN---STWLRIGQPFDEDLSARLQREVRLANDANCLAVSEAVDGAA-AG-AQTVFAVIIGTGC NGRAHIGGNGTAGEWGHNPLPWMD 164

PgmK (Art. sp) 94 AANV--DKS TDIDALLTARLGRPVEVINDADAAGLAEARYGAGAGVE-GTVLVITLGTGI DGELVP---N--AELGHLEI-—-— 174

YdhR (B. subt) 74 TATP--KAG YPFLOTVENEMKIPVGFSTDVNAAALGEFLFGEA-KG-LDSCLYITIGTGI EGRLLOGLSH--PEMEGHIYIRR-- 158

Mlc (E. CDli} 166 RMPF--YED MPLGEALEQHTGVPVY IQHDISAWTMAEALFGAS-RG-ARDVIQVVIDHNVI DGHLLHAGSSSLVEIGHT--—--—- 248

L84P (NanK) F145L (AlsK) V138M (NanK)
ad a5 b
I

NanK (E. coli) 160 -——-——- DP---HGPVCGCGRTGCVEATIASGRGIAAAA-QGELAG-—————————— ADAKTIFTRAGQGDEQAQOLIHRSARTLARLIADIKATTD 233

AlsK (E. coli) 168 =---PLGD---MTQHCACGNPGCLETNCSGMALRRWY-EQQPRN========= YPL-RDLFVH-AENAPFVQSLLENAARAIATSI----NLFD 238

NagK (S. typh) 165 LT-LMGF-DFPLRRCGCGOMGCIENYLSGRGFAWLYQHYYDQS--—-—-—-——= LOAPEIIALWEQGDEQAHAHVERYLDLLAVCLGNILTIVD 245

MaK (E. coli) 165 EDELRYR-—--EEVPCYCGKQGCIETFISGTGFAMDY-RRLSGH--———-——- ALKGSEIIRLVEESDPVAELALRRYELRLAKSLAHVVNILD 244

PgmK (Art. sp) 175 ===== DEmm e H-DAETKABAVARERDG === = = = o LSWDEYSVLLORYFSHVEFLFS 214

YdhR (B. subt) 159 ————- HPDDVYQGKCPY-HGDCFEGLASGFATEARW G KEKAADLS DIAQVWELEGYYTAQATAQYTILILA 221

Mlc (E. coli) 249 ---QVDP---YGERCYCGNHGCLETIASVDSILELA-QLRLNQSMSSMLHGQPLTVDSLCQAALRGDLLAEDIITGVGAHVGRILAIMVNLFN 334

8 ol 39 ek}

Nan¥ (E. coli) 234 CQCVVVGGSVGLAEG-YLALVETYLAQE-——-—-— P AAFHVDLLAAHYRHDAGLLGAAL---LA-————— QGEKL 291

AlsK (E. coli) 239 PDAVILGGGVMDMPAF-PRETLVAMTQEYLRRPL--—-=——=-= PHQVVRFIAASSSDFNGAQGAAT---LAHQRFLPQFCAK 307

NagK (S. typh) 246 PDLLVIGGGLSNFTAI-TTQLAERLPRHL===LP=m—=m=———= VARAPRIERARHGDAGGMRBAAF---L-H--LT-D----= 303

MaK (E. coli) 245 PDVIVLGGGMSNVDRL-YQTVGQLIKQFV-—-FG—————————- GECETFVRKAKHGDSSGVRGAAWLW-——————— PQ-E-- 302

PgmK (Art. sp) 215 PELFIVGGGISKRAD--=-EYLPNLR=-===---eeemm e —————— LRTPIVPAVLRNEAGIVGAAIEIALQH--KL----AK 267

YdhR (B. subt) 222 PEKIILGGGVMOQKQ-VFSYIYQYVPKI----- MNSYLDFSELSDDISDYIVPPRLGSNAGIIGTLV-~--LAHOAL--QAEAR 293

Mle (E. coli) 335 PQEILIGSPLSKAADILFPVISDSIRQQA——-LP—-A-—————- ¥YSQHISVESTQFSHMOGTMAGARL---V-KDAMYN-GSLL 400

Ficure 2: Multiple sequence alignment of ROK superfamily members. Locations of the amino acid substitutions observed in this study are
shown on a black background and their identities are depicted in boldface type. The secondary structural elements of the ROK scaffold are
represented above the sequence alignment and conserved residues are shown on a gray background. Asterisks denote ROK family members
whose structures are available in the Protein Data Bank. A description of the construction of this alignment is provided in the Materials and
Methods section.

profile was built. This new HMM was then used to merge the majority-rule consensus tree for the bootstrap analysis.
MLC_Ecoli (P50456E value 1.5 x 1072 in initial search), The single maximum likelihood tree, available in Supporting
YDHR_Bacsu (O0551& value2.9 x 1078 in initial search), Information, had a negative log likelihood value of 9148.29.

PGMK_Arts (Q7WTA4ZE value6.9 x 10~ in initial search), All sequence analysis [with the exception of the format

MAK_Ecoli (P23917E value5.7 x 1077 in initial search), converter ReadSe®9)] was performed within SeqLald8)

NAGK_Ecoli (P7595% value7.5 x 10" ?in initial search),  from the GCG 44) package. Phylogenetic analyses were

search) into the alignment. Finally, this alignment was sent
to the Advanced T-Coffee Expresst8| server to be refined RESULTS
by structural consistency methodology, and then minor
manual adjustments were made with the GCG SeqLab editor. Co-localization of Selected AlsK and NanK Variariks.
The alignment was next masked to eliminate homoplastic investigate the accessible evolutionary pathway(s) for im-
columns of amino acids with less than 10% similarity and proving the glucokinase activities &f coli AlsK and NanK,
exported to FastA format, which was then converted to error-prone PCR was conducted on the wild-tygieK and
PHYLIP format with ReadSeq30). The final data matrix nanK genetic templates. In these directed evolution experi-
consisted of 25 taxa by 311 characters. ments, a low rate of mutation was chosen in an attempt to
ProML (version 3.67)40) was used to infer the maximum mimic the single nucleotide changes that likely power the
likelihood (ML) tree for the data set by use of a JTT protein evolutionary refinement of weak promiscuous catalytic
model @1) with a four discrete ratg correction model and  activities in natural biological systems. Single amino acid
ana value of 1.00. The optimal model was determined with substitutions that increased the glucokinase activity of AlsK
ProtTest 42). The heuristic search strategy consisted of 10 and NanK were selected by the ability of their encoded genes
random additions with global tree rearrangements for eachto efficiently complement the glucokinase auxotrophy of
replicate. SegBoot (version 3.6730) was then used to BM5340(DE3). Two single amino acid substitutions in
produce 100 pseudoreplicate data sets, which were thenNanK, L84P and V138M, produced the fastest growth rate
passed back to ProML for bootstrapped maximum likelihood of BM5340(DE3) cells on glucose minimal medium. Simi-
analysis. An identical evolutionary model and search strategy larly, two single amino acid variants of AlskK, A73G and
was employed. The resulting 100 boostrap ML trees were F145L, were most effective at complementing the glucoki-
then run through Consense (version 3.64)) (to produce nase deficiency of BM5340(DE3).



13568 Biochemistry, Vol. 46, No. 47, 2007 Larion et al.

Table 1: Kinetic Parameters for Phosphorylation of Native and Ambiguous Substrates by Wild-Type NanK and Selected Variants

parameter wt NanK L84P NanK loop region V138M Napksheet region
N-acetylb-mannosamirfe
Keat, sugaS %) 56+ 1.0 18+ 0.4 20+ 05

Km, sugar(M)
Km, ATP (M)
kca[Km, sugar(M -1 Sil)

Keat, sugadS %)

Km, sugar(M)

Km, ATP (M)

KealKm, sugar(M -1 S_l)

(3.6+0.3)x 104
(2.6+0.1)x 10
(1.5+0.1) x 10°

22405
(2.0£0.1) x 102
(1.2+£0.1)x 103
(1.1+0.1) x 103

(2.3+£0.3)x 10
(8.4+0.6)x 10°5
(7.8+£0.7) x 10*

D-glucosé

84+ 0.2
(6.4+0.1)x 10°3
9.2+ 1.0)x 10
(1.3+£0.1) x 10

(1.6+£0.1) x 104
(1.14+0.1)x 104
(1.2+£0.1) x 10°

60+ 0.3
(8.6 0.2) x 10°3
(6.3+1.0)x 104
(7.0£0.1) x 10°

aKinetic parameters were determined at°5 in 0.2 M Tris, pH 7.6° Determined by a pyruvate kinase/lactate dehydrogenase coupled assay.
¢ Determined by a glucose-6-phosphate dehydrogenase coupled assay (see Materials and Methods).

Table 2: Kinetic Parameters for Phosphorylation of Native and Ambiguous Substrates by Wild-Type AlsK and Selected* Variants

parameter wt AlsK A73G AlsK putative loop region F145L AlsK putati«sheet region
p-allose
Keat, sugaS™) 47+ 0.7 40+ 0.5 49+ 0.8

Km, sugar(M)
Km, ATP (M)
kca{Km, sugar(M -1 S_l)

kcat, sugar(sil)

K, sugar(M)

Km, ATP (M)

kca{Km. sugar(M -1 Sil)

(1.9+0.1)x 104
(2.74+0.2)x 10
(2.5+0.1) x 10°

10+0.2
(2.940.2)x 1072
(5.4+0.5)x 1073
(3.4+0.3) x 107

(2.0+0.1) x 104
(6.04 0.5) x 10°5
(2.0+0.1) x 10°

p-glucosé
13+ 05
(6.54+0.9) x 10*
(454 0.2) x 10
(2.14+0.3) x 10

(1.5+0.1) x 107
(1.440.1) x 10°*
(3.2+£0.2) x 10°

28405
(7.24 0.5) x 1073
(9.6+ 0.1) x 1074
(3.94 0.3) x 10?

aKinetic parameters were determined at°5 in 0.2 M Tris, pH 7.6 Determined by a pyruvate kinase/lactate dehydrogenase coupled assay.
¢ Determined by a glucose-6-phosphate dehydrogenase coupled assay (see Materials and Methods).

Table 3: Specificity Profiles of Wild-Type and A73G AISK

substrate Keat (571 Km (M) KealKm (M~1s7%) x-fold change irkca/Km
wild-type AlsK
p-allose 47+ 0.7 (1.9+£0.1)x 10 (25+0.1)x 1¢°
p-glucose 10+ 0.2 (2.9+0.2) x 102 (3.4+0.3)x 1?7
p-altrose 34k 2.2 (2.1+£0.3)x 10°* (1.6+£0.2) x 1
2'-deoxyb-glucose 1.5+0.1 (3.8£0.4)x 107t 41+05
D-mannose 0.50.1 (3.9+0.7)x 107t 1.2+ 0.2
A73G AlskK
p-allose 40+ 0.5 (2.0+£0.1)x 10 (2.0£0.1) x 10° 0.8
p-glucose 13 0.5 (6.5+0.9) x 1074 2.1+ 0.3) x 10* 62
p-altrose 94+ 2.1 (4.8+£0.3) x 102 (2.0+0.1) x 1¢® 12.5
2'-deoxyb-glucose 19-0.5 (5.1£0.4)x 102 (3.7£0.3) x 1?7 90
D-mannose 9.5 0. (2.1+£0.2) x 10°¢ (4.5+0.4) x 10* 375

aKinetic parameters were determined at°@5 in 0.2 M Tris, pH 7.6, by a glucose-6-phosphate dehydrogenase coupled assay for glucose or a
pyruvate kinase/lactate dehydrogenase coupled assay for all other sugars (see Materials and Methods).

A comparison of the primary amino acid sequences of the polypeptide scaffold, which are targeted by evolution
AlsK and NanK reveals that the sites of substitution during the optimization of glucokinase activity.

co-localize to similar positions within the sugar kinase  Activity of Selected Variants toward Glucose and Their
scaffold. A sequence alignment of individual ROK family Natiye SubstratesTo assess the enhancements in glucokinase
members, shown in Figure 2, indicates that Leu-84 of NanK activity afforded by individual Alsk and NanK variants,

is located near Ala-73 of AlsK. Similarly, Val-138 of NanK  kinetic assays were performed on highly purified preparations
nearly overlaps with the position of Phe-145 in the AlsK of each protein. Steady-state kinetic analysis of the most
primary sequence. When the conserved secondary structuractive NanK variant, L84P, demonstrates that this substitution
elements of the ROK scaffold were mapped onto the increases the second-order rate constant for glucose phos-
sequence alignment, the glucokinase-enhancing substitutionghorylation,kea/Km giucose by 12-fold, from 1.1x 10°to 1.3
correspond to the same secondary regions. In particular, Leu-x 10* M~ s (Table 1). This increase is achieved by a
84 of NanK and Ala-73 of AlsK reside in a variable loop 3-fold decrease in th&,, value for glucose and a 4-fold
region that is located between the fouftksheet and the increase in thek.y value. The L84P NanK variant also
seconda-helix of the ROK scaffold. Conversely, Val-138 displays a modest 2-fold decrease in the catalytic efficiency
of NanK and Phe-145 of AlsK both reside in the seventh toward its native substratbl-acetylb-mannosamine. V138M,
p-sheet. The pairwise co-localization of these selected the second NanK variant selected from the error-prone PCR
substitutions suggests the existence of two “hot spots” within library, displays a 6-fold increase in the./Kn value for
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Ficure 3: Effects of the A73G AlsK loop substitution upon the
kinetic parameters for a variety of carbohydrate substratesld
improvements were calculated as follows: (AKm{wt-aisk)/

(Km,a73caisk); (B) (Keata73caisk/ (Keagwi-aisk); (C) (KealKm,a73caisk)/
kca[Km,wthlsK)-

glucose, while thé./Kn value forN-acetylp-mannosamine
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polypeptide, the doubly mutate@dnK coding sequence was
constructed and the resulting gene product was purified. The
keafKm value for glucose phosphorylation by the L84P/
V138M variant increased 5-fold compared to wild-type
NanK, from 1.1x 10° M~1s1t05.3x 188 M~1 s, Thus,

the effects of the individual L84P and V138M substitutions
were nonadditive.

Steady-state kinetic analysis of the most active AlskK
variant, A73G, reveals a 60-fold increase in kagKn, value
for glucose phosphorylation (Table 2). The effect of this
mutation is exclusively due to an improvéd, value for
substrate glucose, which decreases from 29 mM ta:680
The second AlsK variant selected from our randomized
library is F145L, an enzyme that displays a 10-fold increase
in glucokinase activity compared with the./K,, value of
the wild-type enzyme. Similar to the selected NanK variants,
the A73G and F145L substitutions in AlsK had no significant
effect upon the second-order rate constant for phosphoryl
transfer when the native carbohydrateallose, was the
substrate.

Substrate Specificity Profiles of AlsK and NanK Loop
Variants. To understand the basis for the 60-fold increase
in glucokinase activity provided by the AlsK loop substitu-
tion, A73G, several carbohydrates were tested as potential
substrates. Altrose, '2leoxyglucose, and mannose were
found to be substrates for phosphoryl transfer by both wild-
type and A73G AlsK. Together with the native substrate,
p-allose, this collection provides a group of carbohydrates
that are transformed by the wild-type enzyme with a range
of catalytic efficiencies that span more than 5 orders of
magnitude. As shown in Table 3, substitution of Ala-73 with
Gly in AlsK enhances th&:,/K, for all nonnative substrates
tested. This includes a 13-fold improvement in activity
toward altrose, a 38-fold increase in activity toward mannose,
and a 90-fold increase in tHe./Kn, value for 2-deoxyglu-
cose. These improvements are achieved, in part, via 2-, 4-,
and 8-fold decreases in tlig, values for mannose, altrose,
and 2-deoxyglucose, respectively. Similarly, the A73G loop
substitution increases the,; value for altrose, 2deoxyglu-
cose, and mannose by 3-, 13-, and 20-fold, respectively.
These observations stand in stark contrast to the unchanged
value ofkg, for glucose phosphorylation resulting from the
A73G substitution. A summary of the effects of the A73G
substitution upon individual catalytic constants for all
substrates examined in this study is provided in Figure 3.

The effect of the L84P loop substitution upon the specific-
ity profile of native NanK was also measured for two poor
substratesy-mannose and 1,5-anhydroglucitol. It was impos-
sible to achieve saturating concentrations of 1,5-anhydro-
glucitol for either wild-type or L84P NanK; thus, only a value
for keaf Km is reported for this substrate. Similar to the effects
of the AlsK loop substitution, the L84P substitution enhanced
the catalytic efficiency of NanK toward both 1,5-anhydro-
glucitol andpo-mannose by 6- and 10-fold, respectively. In
the case of mannose, this increase stems from a modest
decrease in thK,, value and a slight increase in thg;value
(Table 4).

DISCUSSION

remains unchanged. To investigate the consequences of Previous work in our laboratory has identified a divergent
combining the L84P and V138M substitutions in a single superfamily of bacterial sugar kinases that possess ambiguous
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Table 4: Specificity Profile of Wild-Type and L84P NaaK

substrate Keat (571 Km (M) KealKm (M1 s71) x-fold change irkca/Km
wild-type NanK
N-acetylb-mannosamine 56 1.0 (3.6 0.3)x 104 (1.5+0.1) x 10°
p-glucose 22-0.5 (2.0+£0.1)x 10°? (1.1+£0.1)x 10
D-mannose 25 0.2 (8.44+0.2) x 1072 (3.0+£0.1)x 1
1,5-anhydroglucitol ntd nd 1.7+ 0.1
L84P NanK
N-acetylp-mannosamine 18 0.4 (2.3£0.3)x 10 (7.84+0.7) x 10¢ 0.5
p-glucose 84+ 0.2 (6.4+0.1)x 10°3 (1.3+0.6) x 10* 12
D-mannose 62 0.7 (2.3 0.2) x 1072 2.8+0.2)x 10° 9.3
1,5-anhydroglucitol nd nd 1£0.1)x 10 5.9

aKinetic parameters were determined at°@5 in 0.2 M Tris, pH 7.6, by a glucose-6-phosphate dehydrogenase coupled assay for glucose or a
pyruvate kinase/lactate dehydrogenase coupled assay for all other sugars (see Materials and Medlads)were not determined due to the
high concentrations of substrate required for saturation.

substrate specificities toward the alternate substrafeicose perturbations at this location could also impact positioning
(7, 8). This family includes the Alsk and NanK polypeptides of carbohydrates within the active site via the collective
of Escherichia coliK-12, which displayk../Kn values for reorientation of intervening residues.
glucose phosphorylation of 3.4 10? M1 st and 1.1x The second category of substitutions, which produced
10° Mt s1, respectively. The identification of an overlap- larger improvements in glucokinase activity, occurred at
ping alternate function in these enzymes, in combination with positions occupied by Ala-73 of AlsK and Leu-84 of NanK.
the availability of a sensitive genetic selection system linking These two residues are located in a variable region of the
glucokinase activity to bacterial survival, provided a unique ROK scaffold located between the fourfiasheet and the
opportunity to trace the evolutionary pathway(s) leading to secondo-helix. To better understand the nature of the
the specialization of individual enzyme function within the glucokinase-enhancing substitutions, we compared the amino
ROK superfamily. In particular, we wished to investigate acid sequences of NanK and AlsK in this region with a
whether common structural and/or kinetic features of the diverse range of other ROK family members (Figure 2).
sugar kinase scaffold could be targeted for alteration during There was no detectable conservation in other ROK proteins
the evolutionary refinement of glucokinase activity in this of the position analogous to Leu-84 in NanK. Several gaps
superfamily. Here, we show that substitutions at two similar appear in the multiple sequence alignment in the region
sites within the AlsK and NanK scaffold can improve surrounding Leu-84, consistent with significant alterations
catalytic activity toward an alternate substrate. This result occurring within this loop during the divergent evolution of
is similar to the findings of a previous investigation in the function in this superfamily. The structure of the unliganded
enolase superfamily, which demonstrated that single aminoE. coli NanK is available 11); however, the absence of a
acid replacements at overlapping active-site locations in the structure that reveals how the carbohydrate substrate binds
L-Ala-D/L-Glu epimerase fromEscherichia coliand the in the active site makes inferences regarding the impact of
muconate lactonizing enzyme Il froRseudomonasp. P51 the L84P replacement upon NanK specificity difficult. In
enhance the alternatesuccinylbenzoate synthase activity contrast to the variability in the sequence alignment near Leu-
of these enzymes). Similarly, substitutions at structurally 84, Figure 2 reveals that Ala-73 of AlsK is a highly
superimposable active-site residues in two divergent ami- conserved glycine residue in numerous other superfamily
nohydrolyase family members were found to increase the members. Indeed, the conservation of glycine at this position
promiscuous esterase activity of each enzyie Taken persists across the entire phylogeny of the ROK superfamily
together, these examples strongly suggest that mutationaland is not limited to sugar kinases, as many transcriptional
events that target a common structural region of a polypeptiderepressors also retain this residue. Unfortunately, the structure
scaffold often power the initial steps of the divergent of AlsK is unknown. However, the structure of another ROK
evolution of alternate function within a superfamily of related sugar kinase, the inorganic polyphosphate/ATP glucoman-
protein catalysts. nokinase (PgmK) fromArthrobacter sp. strain KM, was
Two distinct categories of enhancing substitutions were recently determined in the presence of substrate glud@ge (
selected from our random libraries. The first class of variants The active site of this enzyme reveals that the &om of
includes F145L of AlsK and V138M of NanK, both of which  the conserved glycine residue (Gly-84 in PgmK) is located
produced modest increases in glucokinase catalytic ef-within 3.3 A of the O3 atom of bound glucose (Figure 4).
ficiency. Phe-145 and Val-138 reside orpasheet whose  Notably, the structure ob-allose differs from that of
amino terminus includes two highly conserved glycine D-glucose at the'30H position (Figure 1). On the basis of
residues that form close interactions with the C6 position of the available sequence and structural data, we postulate that
glucose in the crystal structure of the inorganic polyphos- removal of the Ala-73 side chain in AlsK provides sufficient
phate/ATP glucomannokinase frofrthrobactersp. strain space near the-®H of b-glucose to allow this allose epimer
KM (PgmK) (16). In fact, Phe-145 of AlsK is directly  to bind in a position that is conducive to efficient phosphoryl
adjacent to one of these glycine residues. Replacement oftransfer.
this bulky residue with a smaller leucine side chain could To understand the consequences of the evolutionary
potentially perturb the positioning of the sugar substrate process more generally, the L84P NanK and A73G AlskK
within the AlsK active site. Although the Val-138 side chain enzymes were tested for activity with a variety of nonnative
is further removed from the NanK active site, subtle sugar substrates. Interestingly, the A73G and L84P replace-
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Ficure 4: Active site of inorganic polyphosphate/ATP-glucom-
annokinase fromArthrobacter sp. strain KM in complex with
p-glucose, revealing the position of the highly conserved glycine
residue (Gly-84) with respect to the O3 position of the bound
substrate. Images were created with the program PyMOL (Delano
Scientific) and PDB entry 1WOQL4).
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ments enhanced the catalytic efficiencies for all substrates
examined. This observation is consistent with the results of
other experimental evolution studies that support the forma-
tion of nonspecific protein catalysts during the early stages
of functional divergence3@, 33). In the present study, the
effects of A73G and L84P substitutions upon the steady-
state catalytic parameters of individual carbohydrates de-
pended upon the nature of the substrate. For example, the
AT73G substitution increased the second-order rate constants
for the promiscuous phosphorylationmaltrose p-mannose,

and 2-deoxyglucose, in part by enhancing theg: value of
each substrate. By contrast, the valu&k@fK., for glucose

was enhanced solely via an alter€g value. This observa-

tion suggests that different intrinsic steps may limit the 17

transformation rates of distinct carbohydrate substrates by

each enzyme. For one carbohydrate, 2-deoxyglucose, the 18-

A73G substitution produced a greater increase in this
substrate’../Kn value (90-fold) than fom-glucose (60-
fold). This observation was unexpected since the evolved
AlsK was isolated under glucose-selective growth conditions,
and to our knowledge the in vivo selection conditions
imposed in this study provided no impetus to enhance activity
toward 2-deoxyglucose. Nevertheless, this finding demon-
strates how the mutational expansion of enzymatic function
via the formation of nonspecific intermediates can serve to
amplify additional promiscuous activities, which could prove
advantageous to a host organism.

SUPPORTING INFORMATION AVAILABLE

List of the protein sequences used to construct the multiple 23.

sequence alignment and the maximum likelihood phyloge-
netic analysis of these sequences. This material is available
free of charge via the Internet at http:/pubs.acs.org
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