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ABSTRACT:. Enzymes from thermophilic organisms often are barely active at low temperatures. To obtain

a better understanding of this sluggishness, we used DNA shuffling to mutagenizpGhgene, which
encodes indoleglycerol phosphate synthase, from the hypertherm&pitfiddobus solfataricusMutants
producing more active protein variants were selected by genetic complementatio&Esétearichia coli

mutant bearing &pC deletion. Single amino acid changes and combinations of these changes improved
growth appreciably. Five singly and doubly altered protein variants with changes at the N- and C-termini,
or at the phosphate binding site, were purified and characterized with regard to their kinetics of enzymatic
catalysis, product binding, cleavage by trypsin, and inactivation by heat. Turnover numbers of the purified
variant proteins correlated with the corresponding growth rates, showing that the turnover number was
the selected trait. Although the affinities for both the substrate and the product decreased appreciably in
most protein variants, these defects were offset by the accumulation of high levels of the enzyme’s substrate.
Rapid mixing of the product indoleglycerol phosphate with the parental enzyme revealed that the enzyme’s
turnover number at low temperatures is limited by the dissociation of the enzgraduct complex. In
contrast, representative protein variants bind and release the product far more rapidly, shifting the bottleneck
to the preceding chemical step. The turnover number of the parental enzyme increases with temperature,
suggesting that its structural rigidity is responsible for its poor catalytic activity at low temperatures. In
support of this interpretation, the rate of trypsinolysis or of thermal denaturation is accelerated significantly
in the activated protein variants.

It is important to understand the relationship between the temperatures [“corresponding stateg)](as their thermo-
stability of an enzyme and its catalytic function. Many X-ray labile counterparts from mesophile®).(Because the active
structures of thermostable enzymes have been determinedite structures are superimposable and the catalytic residues
in recent years and compared to the structures of theirconserved, itis generally assumed that both thermolabile and
mesophilic counterparts in an effort to explain the molecular thermostable enzymes share the same catalytic mechanism.
bases of thermostabilityl( 2). Generally, the overall It is unlikely that cold denaturation is responsible for this
structures of orthologous thermophilic and mesophilic pro- phenomenon, because X-ray structures of thermostable
teins were found to be quite similar. The thermostability of proteins obtained from crystals grown at low temperatures
monomeric proteins seems to be achieved by an individual show natively folded proteins. Recent studiés §) suggest
combination of different strategies, such as optimized packing that it might be the reduced flexibility of thermostable
of the hydrophobic core and an increased level of burial of enzymes that impairs their catalytic activity at low temper-
the hydrophobic surface area, improved stabilization of atures.
secondary structural elements, an increased number of The aim of this study was to isolate variants of the
hydrogen bonds and salt bridges (often in clusters) at the monomeric enzyme indoleglycerol phosphate synthase (IGPS)
protein surface, and shortened surface loops and fixed chainfrom Sulfolobus solfataricuthat increase the activity of this
termini. hyperthermostable enzyme at 3Z. The positions of amino

Thermostable enzymes are generally barely active at roomacid substitutions should identify structural elements that are
temperature, but are as active at their optimal growth responsible for the functional sluggishness of the parental
protein.S. solfataricuss a hyperthermophilic archaeon that
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S. solfataricugyrows optimally, but relatively inactive at 37 The amplified DNA was digested with DNase | in the
°C compared to its mesophilic counterpart fr@scherichia presence of MY to obtain fragments that were 5@00 bp
coli (elGPS). sIGPS is a good model enzyme to study, sincelong. The DNase-treated DNA sample was subjected to a
the crystal structures of both sIGP3 @nd elGPS§) are primerless polymerase chain reaction (PAR; 12) using
known. They share the TIM-barrel fold with a root-mean- equal amounts oTaq (LifeSciences) andPfu (Stratagene)
square deviation of 1.73 A for 239 equivalent superimposed polymerases to reassemble theC gene. The combination
Co. atoms 7). of Tag and Pfu polymerases1(3) was used to reduce the
Here we show that it is possible to generate sIGPS variantsmutation rate compared to those in earlier procedut& (
with single and double amino acid substitutions that improve ~Amplification Proceduresthe reassembled DNA pool was
the catalytic activity of SIGPS at 37C. The selected trait ~ used as a template in PCR with three primer pairs. The entire
of the sIGPS variants was a greater turnover number, whichcoding region was amplified using outside &nd outside
occurred at a cost of greatly decreasing the affinity for both 3-primers and subcloned into pMCY1 for transformation
the substrate and product. Thus, substrate turnover by theand selection. The'Salf of the coding region was amplified
parental protein at low temperatures is limited by product using one outside'§rimer and one internal'rimer. The
release. Single-residue changes can accelerate product re3'-half of the coding region was amplified using one outside
lease, and combining two changes can accelerate catalysis3 -primer and one internal fprimer. The two internal primers
These changes correlate with increased flexibility of the flank a uniqueNsil restriction site in the middle ofrpC.

protein. Thus, the product of the upstream outside primer and its
matching internal primer encodes the N-terminal half of
MATERIALS AND METHODS sIGPS and has a8pH site at the 5end and aNsil site at

] o . ) the 3-end. This fragment can then be recloned into the
Strains. E. colstrain JMB9 rm* AtrpC, which was used  ¢qrresponding restriction sites of plasmid pMCY1. Likewise,
(9), could be transformed only with low efficiency. The jnternal primer encodes the C-terminal half of SIGPS and
AtrpC deletion was therefore transduced into W3118A2 has anNsil site at the 5end and aPsi site at the 3end.
hsdR?2, zji-202Tn10, which has a much better transformation  cioning the shuffled pool in two halves allowed rapid

efficiency, yielding W3110AtrpC tnaA2 hsdR2, zji-202 location and identification of single changes that result in

Tnl0. It was used as a recipient in experiments designed 10 faster growth. The same reassembled pool was the template
detect sIGPS-bearing plasmids that confer ability to grow i, several amplification procedures, using the three different

in the absence of added tryptophan. The chromosamal primer pairs; a different set of mutants was isolated in each
region deletion present in these strains leavesrfitecoding experiment.

region intact and fun.ctional. Thus, the _recipienttn'pC Hydroxylamine Mutagenesighe trpC gene of pMCY1
trpF* and would require only IGPS function to grow in the  \yas subjected to hydroxylamine mutagenesis as described
absence of a tryptophan supplement. by Davis et al. {4). Subsequently, thepC inserts were cut

Plasmids.The parental plasmid pDS SS-2) contains the out using the restriction enzymeScoRl and Pst and
trpC gene of S. solfataricusencoding wild-type sIGPS  subcloned into the corresponding sites of an unmutated
inserted into theSpH and Pst restriction sites of the PMCY1 vector. Amino acid replacements S58F, G59R,
expression vector pDS56/RBSIIQ). In this vector, therpC S70L, and S181A/D165A were introduced using this ap-
gene is transcribed from a modified T5 promoter that is proach.
regulated by thdac operator. The initial group of sIGPS Recombination of Mutation§elected single mutants were
variants was isolated in strain W312MrpC tnaA2 hsdR2,  combined with one another using the unidus site in the
zji-202:Tn10 containing plasmid pMS421, which carries the middle of the genel() to test the effects of combining single
lac repressor alleléacl®. This strain was transformed with  alterations. Double mutants P2S/G212E and P2S/F246S were
a library of shuffledtrpC genes inserted into pDS SS-1in  prepared in this way.
place of the parentatpC gene. We found this systemto be  Selection ProcedurdRecloned shuffled genes were trans-
unsuitable, because thec operator of pDS SS-1 underwent  formed into strain W311@trpC tnaA2 hsdR2, zji-202n10,
fairly frequent spontaneous mutations, resulting in a loss of or its pMS421-containing derivative, and plated on minimal
repressor binding. To reduce the likelihood of recovering VB (16) agar plates supplemented with 0.2% glucose, 0.05
mutations outside dfpC, and to avoid the necessity of using  ,g/mL L-tryptophan, and 5@g/mL carbenicillin. Colonies
two plasmids in the selection procedure, we replacedethe  that grew after incubation for-12 days at 37°C were
promoter of pDS SS-1 with a truncated derivative of the restreaked, their plasmids subcloned and retransformed, and
tryptophanasetifa) operon promoter. The region of nucle-  the transformants replated, to confirm that alteration of the
otides—30 to —10 of theE. coli thaoperon promoter was  trpC coding region was responsible for faster growth. The
substituted for thexhd to EcaRlI region of the pDS SS-1,  subcloned part of the gene was then sequenced to determine
replacing thdac promoter/operator. This plasmid, designated the mutational change(s). The frequency of transformants
PMCY1, and its shuffled derivatives, were transformed into with shuffled DNA that grew on the test minimal agar plates
strain W3110AtrpC tnaA2 hsdR2, zji-20Z'n10 to select  was ca. 1/1 The frequency observed with a culture
for faster growers. Some altere@C genes initially isolated  transformed with the untreated parental vector was ca®1/10
in pDS SS-1 were subcloned into pMCY1 for analysis. Growth Cuwes and Accumulation of CdRE&rowth of

DNA Shuffling ProcedureThe trpC gene fromS. solfa- cultures in minimal medium was assessed using W3110
taricuswas initially amplified using Vent polymerase, a high- AtrpC tnaA2 hsdR2, zji-202n10 containing pMCY1-
fidelity proofreading polymerase from New England Biolabs. bearing parental or mutatrpC genes. Cultures were grown
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with shaking at 37°C in flasks containing liquid minimal  be greater than 98% pure as judged by SIPAGE. Overall,
medium (6) supplemented with 0.2% glucose, 0.05% acid- 0.5—3 mg of protein was obtained per gram of wet cell paste.
hydrolyzed casein, and 1@0@/mL ampicillin. After growth Enzyme KineticsSteady-state parameters were determined
for 6 and 18 h (overnight), a sample of each culture was at 37°C in 0.05 M HEPPS buffer (pH 7.5) and 4 mM EDTA
removed and assayed for cell density and the accumulationas described previoush21). The substrate CdRP used in
of CdRP. The cell density was determined using a Klett these analyses was produced enzymatic&B).(An inde-
Colorimeter (66 filter). CARP accumulation was determined pendent estimate of the Michaelis const&ht was first
qualitatively in each culture filtrate using a tetrazolium color obtained by measuring initial velocities at various substrate
test (L7), by removing 1 mL of culture and adding 0.1 mL concentrations, followed by direct-linear plot analy<i8)(
of 1 M NaOH and then 0.1 mL of a solution of 0.5% Complete progress curves were then recorded and fitted to
triphenyltetrazolium in chloroform. A red color develops the integrated MichaelksMenten equation22, 24), using
within 1 min that is proportional to the amount of CdR and the preliminaryKy value to initiate the iteration. All protein
CdRP that has accumulated. concentrations were determined by using their extinction
Activity Measurementd-or determination of the relative  coefficients at 280 nm calculated from their content of
specific activities of extracts of cultures containing the sIGPS tryptophan and tyrosine2f): ezg = 20400 Mt cm™;
variants, E. coli W3110 AtrpEA2 tnaA2 hsdRZ18) was A0%e0=0.71 cn? mgt.
transformed with pMCY1 plasmids bearing the respective  Ligand Binding.The concentration of IGP was determined
mutanttrpC genes. All cultures except the contiél coli spectrophotometricallyef;s = 5.4 mM~t cm™! (26)]. Fluo-
strain W3110 were grown overnight at 3T in liquid rescence titrations were performed at’87in 0.05 M HEPPS
minimal medium supplemented with 0.2% glucose, 0.05% buffer (pH 7.5) and 4 mM EDTA, using the Hitachi F-4500
acid-hydrolyzed casein, 2y/mL L-tryptophan, and 100g/ fluorescence spectrophotometer. Small aliquots of an IGP
mL ampicillin. The control was grown in minimal medium  stock solution were added with stirring to the protein solution
without tryptophan or ampicillin. Cells were harvested by (1.1uM), allowing the mixture to equilibrate for 1 min before
centrifugation, washed, suspended in 0.1 M Tris chloride (pH measuring fluorescence. Fluorescence was excited at 295 nm
7.8), and disrupted by sonication. The homogenates wereand recorded at 330 nm for 2 min to improve the signal-to-
centrifuged, and the activity in the supernatants was deter-noise ratio by averaging. The ligand was also added to buffer
mined by measuring the extent of IGP formation using the in a separate titration to generate the baseline.
periodate oxidation assay procedut8)( The substrate CARP Kinetics of Ligand BindingStopped-flow studies were
was produced chemically. In this procedure, aliquots of cell performed at 37C in 0.05 M HEPPS buffer (pH 7.5) and
extracts were incubated in 0.25 mL reaction volumes 4 mM EDTA, using the Applied Photophysics SX.18 MV
containing 0.16:mol of CdRP, 0.1 M Tris chloride (pH 7.8),  stopped-flow reaction analyzer. Protein solutions at a constant
1 mM EDTA, and 1 mM DTT. Reactions were terminated concentration (0.2M) and ligand solutions were mixed in
by chilling and the addition of 0.05 mLf® M sodium a 1:1 ratio; the final IGP concentration was varied between
acetate buffer (pH 5.0). The protein concentration was 0.5 and 5.5«M (for sSIGPS) and between 0.5 and:® (for
determined according to the method of LowB0). the F246S variant). Fluorescence was excited at 295 nm, and
Protein Purification.Production of sIGPS and its variants the increase in fluorescence emission was recorded using a
G212E, F246S, P2S/F246S, and P2S/G212E was carried ouB20 nm cutoff filter. The recording time of transients was
in W3110tna A2AtrpC hsdR2, zji-202Tn10 cells that had adjusted to be in the range ofks/s and the instrument
been transformed with two plasmids, pMS421 (encoding the response time not to exceed 0R3{ Ten to twenty-four
lac repressor) and either pDS G212E, pDS F246S, pDS P2Sftraces were recorded and averaged at each ligand concentra-
G212E, or pDS P2S/F246S (derivatives of the pDS SS-1 tion.
vector encoding the respective sIGPS variants). Production Limited ProteolysisProtein (0.3 mg/mL) was incubated
of the protein variant P2S was carried out in JMB®&nr with 0.03 mg of trypsin/mL at 28C in 0.1 M Tris acetate
AtrpC cells @) that had been transformed with the plasmids (pH 7.8) and 2.5 mM EDTA, without and with a concentra-
pDS P2S and pDml,1, encoding the mutant protein P2S andtion of IGP that gives 90% saturation of the enzyme, based
the lac repressor, respectively. Cells were grown at°87 on the known value of the particular equilibrium dissociation
in LB medium, supplemented with 5@y/mL carbenicillin constantKr = Kg). Samples were withdrawn after incubation
and 50ug/mL spectinomycin (variants G212E, F246S, P2S/ for 1, 2, 5, 10, 20, 60, and 120 min and 20 h. The samples
F246S, and P2S/G212E) or 0.1 mg/mL ampicillin and 25 were mixed immediately with SDS sample buffer, heated to
ug/mL kanamycin (variant P2S). Overexpression was in- 100 °C for 5 min, electrophoresed on 12.5% SBbS
duced when the cells had reached an optical density at 600polyacrylamide gels, and stained with Coomassie blue. Half-
nm of 0.6, by adding IPTG to a final concentration of 1 mM, lives were estimated visually. The monomeric ePRAI domain
and growth was continued for an additional 6 h. About1.2  (22) is cleaved by trypsin to small peptides at the same rate,
2.6 g of cells (wet weight) was obtained per liter of culture. regardless of whether 3@V IGP was present or absent.
Purification of all proteins was performed essentially as  Kinetics of Irreversible Heat Inactiation. The protein
described for wild-type sIGPS) with minor modifications; stock solutions [2@M in 0.05 M potassium phosphate buffer
e.g., DNA precipitation by protamine sulfate was omitted. (pH 7.5), 2 mM EDTA, and 300 mM NaCl] were diluted to
The length and temperature of the heat step were adapted ta final concentration of &M by injection into degassed 0.05
the individual proteins: 15 min at 7% for variants F246S M potassium phosphate buffer (pH 7.5) and 2 mM EDTA
and G212E, 10 min at 68 for sSIGPS P2S/G212E, and 10 that was prewarmed to 8 and overlaid with mineral olil
min at 70°C for sIGPS P2S. No heat treatment was used to prevent evaporation. Samples were taken after different
with sIGPS P2S/F246S. All purified proteins were found to time intervals and immediately chilled on ice. The residual
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enzymatic activity was determined by recording initial deleted. Among the two conservative substitutions (K53R
reaction velocities at 37C in 0.05 M HEPPS buffer (pH  and R54H), K53 is an invariant residue that forms a salt
7.5) and 4 mM EDTA 21). The loss of activity with time bridge to the substrate phosphate. The substitution of the

was fitted to a monoexponential decay. equivalent residue K55 in elGPS-PRAI with serine reduces
thekea value 20-fold and increasés, about 2000-fold 28),
RESULTS AND DISCUSSION suggesting that it is a catalytically essential residue. Since

K53R activates rather than inactivates sIGPS at@Gyit is

not clear why K53 is invariant in all known IGPS sequences.
However, since R53 is positively charged, it presumably can
still interact with the substrate phosphate. Lghp, at the
active site contains six out of 18 single substitutions, and
the S58F change involves a highly conserved residue and
€G59R an invariant residue. S60 is the residue in eIGPS that
is equivalent to S58, and the change S60A incre&sgs
2-fold andKy 5-fold (9), an indication of its importance in
catalysis. Nevertheless, the specific roles of S58 and G59 in

Isolation of Actvated Variants of sSIGPShe ¢rpC gene
of S. solfataricugencoding the enzyme sIGPS) was subjected
to DNA shuffling (11, 12) so sIGPS variants with improved
catalytic activity at 37°C could be obtained. Two different
strpC-containing plasmids were used, pDS SS-1 and pMCY1
(see Materials and Methods). Clones of the desired phenotyp
were selected by genetic complementation oEanoli host
strain with a deletion of the'&erminaltrpC portion of the
chromosomal bifunctionakrpC(F) gene AtrpC), which is

:herteforr]e incap_la_lﬁlle gf ?rt(_)wing”on mmimal n;ediym Iafcrri]ng the catalytic mechanism of sIGPS are still unknown.
ryptophan ). This deletion allows the production of the The following subset of single-substitution variants was

monofunctional, monomeric phosphoribosyl anthranilate . .
. . . picked for further analysis: P2S, G212E, L236Q, M237T,
isomerase domain [ePRAIZ)] and does not otherwise affect and F246S. Figure 1B presents the ribbon diagram of sIGPS

Ir)egéjllsat(lj?n gsfnﬁ%;eiigﬂnm trgit;enr?a'nd;ggtﬁ?gigg's_ viewed from the side. The first 48 N-terminal residues are
P 9 C g an extension of thep@)s-barrel, with helixay at the top

formed mtoAtrpQ recipient cells, and the t.ransformed cells and helixowo at the bottom of the central, paraljéibarrel.
were plated on minimal agar plates. Colonies that grew fasterIt is seen that the substitutions P2S, G212E, L236Q, and

than those obtained with controls containing the pargntal M237T are located mainly on the N-terminal face of the
strpC gene were assumed to be producing sIGPS variants

that were more active than the parental protein at low -barrel. The active site is identified by catalytically
temperatures. Plasmid DNA was isolated from each fasterlmportam residues ES1, K53, K110, E159, and N18J (

) | dth tatett q and by the bound phosphate ion, which presumably occupies
growing colony, and the mutate BC gene was sequenced .o position of the phosphate moieties of the substrate and
to determine nucleotide and inferred amino acid changes.

i e i product {). In contrast, F246S is located at the end of
DNA shuffling was used initially because we believed that ¢ _terminal helixas. The $rpC gene possesses a unidusi
it mig_ht be necessary to introduce muItipra .changes in the rastriction site in the middle of the DNA sequencks)
protein to obtain accelerated growth on minimal agar at 37 ¢orresponding to the codons of A125 and Y126 (Figure 1A).
C. Since the first few rounds of mutagenesis and screeningThe presence of this site allows mutational changes in the
reveal_ed that single-amino acid change_s were s_u_ff|C|ent 105 and 3-terminal halves of the gene to be readily combined
allow improved growth under our selective conditions, we i vitro, to determine whether the individual contributions
modified the shuffling and amplification procedure so that {4 increased activity are additive.
functional singly altered proteins were more likely to be  Growth Rates and Accumulation of CdRReshly pre-
recovered. The sequences of our mutant clones revealed thgbareq and purified transformants containing each mutant gene
there were generally zero to two silent nucleotide changes rqqycing a more active sIGPS variant were grown in liquid
in addition to each single-nucleotide change that was minimal medium to obtain a semiquantitative measure of
responsible for good growth. Each of the amino acid gyowih rates. Growth curves obtained with strains carrying
replacements we observed was due to a single-nucleotidepe selected set of alterégC plasmids are shown in Figure
change. Since the first round of DNA shuffling yielded 5 G212E was the fastest growing single-mutant variant,
functional proteins with single-residue replacements, we also f5|1owed by L236Q, F246S, and M237T. PAQI—28) grew
mutagenized thetspC gene with hydroxylamine to obtain 45 rapidly as M237T (data not shown). Strains with single-
more singly alteredisnC genes. . ~ mutant plasmids K53R, R54H, D183Y, E192A, and Q194R
Location of Amino Acid SubstitutioriBhe predicted amino  supported growth rates that were between those of strains
acid substitutions in the mutant proteins are presented inwith plasmids P2S and M237T (data not shown). None of
Figure 1A along with a sequence alignment that is based onthe remaining single-site variants indicated in Figure 1A grew

the known X-ray structures of sIGP%, 7) and elGPS§). as well as F246S or G212E in streaks on minimal agar
Most substitutions are clustered in loops connegfirggrands lacking tryptophan, and were not examined further.
with a-helices i) and ina-helices (), identifying regions The P2S substitution, by itself, had the smallest effect on

that appear to be important for activating sIGPS at low growth rate. However, when P2S was combined with single
temperatures. However, a continuous segment of the proteinsubstitutions between logiya; and the C-terminus (Figure
comprising about 40% of the sequeng&—<{fs), has no  1A), these doubly altered variants supported even faster
substitution. colony growth rates than either parent alone (Figure 2). This
Seven out of 18 single-amino acid changes are at positionscooperative effect was also observed when the deletion
that are either invariant or conserved (Figure 1A), but most P2QA(4—28) was combined with several single-site variants
substitutions are disruptive, meaning that hydrophilic side (data not shown). P2S with G212E (P2S/G212E) supported
chains replace hydrophobic ones, or vice versa. M2Q growth equivalent to the maximum growth rate observed in
28) is an unexpected variant, in which the entire helixs the presence of excess added tryptophan (see the G212E
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Ec 165 SNEEEQERAIA-LGAKVVGINNRDLRDLSIDLNRTRELAPKLGHNVTVISESGINTY 220
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Ss 217 NEIEELRKLGVNAFLIGSSLMRN---PEKIKEFIL 248
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Ficure 1: Location of substituted residues in the structure of sIGPS. (A) Structure-based sequence alignment of sIGPS (Ss) and elGPS
from E. coli (Ec) (7). Secondary structural elements are colored redufteelices and blue fof-strands and labeled:®] catalytically

essential residues an®) invariant residues. The bottom line lists residues substituted in individual varia(4s.28) represents the

deletion, including P2Q. Mutant P2S was isolated as a single mutant in vector pDS SS-1. The plasmid encoding the P2S change was
subjected to another round of shuffling mutagenesis, and double variants P2S/L236Q and P2S/M237T were isolated. Variants S58F, G59R,
S70L, and S181A/D165A were isolated from pMCY 1 mutated with hydroxylamine. All other variants were isolated from pMCY1 by DNA
shuffling (see Materials and Methods). (B) Ribbon diagram of sIGPS. LabeleddSitions: red, catalytically essential residues; blue,
selected sites of substituted residues in individual variants; and black, R26, the site of cleavage by trypsin. The figure was drawn using
MOLSCRIPT @9).

Trp curve in Figure 2). The plasmids encoding P2S/L236Q, Regulation of therp operon is not compromised by the
P2S/F246S, and P2S/M237T also supported maximal growth.particular deletion of thetepC gene that was used. Therefore,
In contrast, combining the change K53R in lgéjot; with the slow growth of the transformants bearing the plasmid-
the change F246S in helixg gave a combination that was borne $rpC gene must be due to the low enzymatic activity
less active than either parent alone (data not shown). Manyof sIGPS leading to low levels of intracellular tryptophan.
of these residues are quite close to each other at the top ofThis low activity must lead to derepression of theoperon.

the barrel (Figure 1B), and presumably lead to adverse As a result, the substrate of IGPS (CdRP) accumulates in
interactions. the cells and is excreted into the mediu@9,(30). Con-
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Table 1: Relative Extract Specific Enzyme Activities

_ P25-1236Q

7 G212E+Trp relative specific activity growth  concentration of
proteir  37°C 55°C 80°C' rate¢! accumulated CARP

s 200 sIGPS 02 15 16 + +++

.5 P2S 0.5 3.8 13 + +++

3 M237T 06 2.1 5 ++ ++

o F246S 12 30 (6) ++ ++

3 L236Q 08 33 (3) ++ ++

M G212E 1.8 6.2 22 4+ +

1
00 P2S/M237T 2.3 5.2 (7)) +++ -

P2S/F246S 23 57  (10) +++ -
P2S/G212E 2.7 81 12 +++ -
P2S/L236Q 3.4 10.0  (7) +++ -
elGPS-PRAI 1.0 028 0 +++ -

8 aCell growth and soluble cell extracts obtained as described in
Hours of growth Materials and Method¢.Variants of sIGPS with the given amino acid
substitutions¢ Units per milligram of protein, normalized to the specific
activity of the bifunctional enzyme elGPS-PRAI, expressedtbygoli
strain W3110, grown as a control culture. The buffer was 0.1 M Tris
chloride (pH 7.8)d See Figure 2¢Colorimetric assay described in
Materials and Method€.Bovine serum albumin (0.05%) was added
to samples assayed at 8C. 9 Parentheses indicate minimal estimate
because of thermolability.

Ficure 2: Growth curves in liquid minimal medium of tte coli
AtrpC deletion strain transformed with plasmids encoding sIGPS
or the indicated variants. G212Hrp is the trace for the maximal
growth of G212E in the presence of 2@ of L-Trp/mL and 100
ug/mL ampicillin. Growth rates were measured by light scattering
(Klett colorimeter).

versely, transformants expressing functionally improved -~ N o

variants of sIGPS are expected to increase the level of SpPecific Actiity and Thermostability in Cell Extract3.o
tryptophan and therefore will grow more rapidly. Conse- Measure the specific enzyme activity of the proteins produ_ced
quently, the levels of the other enzymes of Trp biosynthesis PY the selected plasmids directly, each was introduced into
are repressed, and the concentration of CdRP is decrease@n E- coli strain with the entirérp operon deleted and the
by both slower production and faster consumption. As n@operon inactivated [W311haA2 AtrpEAZ (18)]. The
expected, the extent of CdRP accumulation correlated resulting transformants were grown in liquid minimal

inversely with the growth rates of strains with the different Medium containing ampicillin, to maintain plasmid stability,
mutant plasmids (Table 1). Only traces of CdRP were and excess tryptophan. For reference, th_e star_ldard wild-type
detected afte6 h inculture filtrates of strains with plasmids E. coli strain W3110 that pr_oduces the bn‘unctlonaj enzyme
P2S/L2360Q, P2S/G212E, P2S/F246S, and P2S/M237T, andf!GPS-PRAI was cultured in the absence of ampicillin and
CdRP was not detected following overnight growth of these tryptophan, under otherwise |de'nt|cal condmonsf. Harvested
strains. Low to moderate levels of CARP were observed with cells from each culture were disrupted by sonication, and
plasmids encoding the G212E, L236Q, F246S, and M237T the centrifuged extracts that were obtained were assayed at
variants, and high levels with plasmids encoding P2S, F53R,37 C for both IGPS activity 19) and the total amount of

. - tein. The relative concentration of sSIGPS and its variants
R54H, D183Y, and Q194R variants of sIGPS. These findings pro . . .
suggest that growth rate is directly related to the specific was estimated by SBEPAGE, followed by staining with

enzymatic activity of each strain’'s IGPS variant. In other Coomassie blue. Approximately the same amount of sIGPS

. . . , was present in each extract (data not shown), proving that
words, different levels of protein synthesis, folding, and ) .
- - S the different variants accumulated to the same levels, due to
stability appear to make negligible contributions to growth

rates similar protein synthesis, folding, and stability at 37. As
: presented in Table 1, the relative specific activities at@G7

Choice of Instructie Variants.The five Single-Site variants increase rough|y in proportion to the respective growth rate
P2S, G212E, L236Q, M237T, and F246S have changes in(Figure 2), supporting the conclusion that the selected
two structurally and functionally important regions of SIGPS  functional property of these variants is the turnover number
(cf. panels A and B of Figure 1). (a) In the N- and C-termini, (k).
P2S and F246S are disruptive substitutions that presumably The activity measurements were repeated at 55 and 80
increase the flexibility of the rigid structure of SIGPS by °C to estimate the effect of temperature on activity (the net
promoting fraying at the termini, and (b) in the complex effect of increasing temperature on the gairkgfand the
phosphate binding site, the amide proton of G212 hydrogen simultaneous loss of protein by irreversible thermal inactiva-
bonds to one of the phosphate oxygefis47). Although tion). Table 1 shows that variants P2S and G212E are about
this interaction might still be preserved in G212E, its as thermostable as sIGPS, whereas the other single-site
negatively charged side chain should repel, or perhaps evenvariants are much less thermostable. Again, except for P2S/
replace, the bound phosphate. Moreover, helkix which G212E, the destabilizing effects of single-substitution vari-
points its positivea-helical dipole at another phosphate ants are additive when combined with the effects of P2S,
oxygen, is anchored by both L236 and M237 to the surface but all variants are much more thermostable than elGPS-
of the protein. L236Q and M237Q are disruptive substitutions PRAI from E. coli (Table 1).
that are likely to destabilize helixg, consequently decreas- Enzyme Catalytic Constant$he variant proteins listed
ing the enzyme’s affinity for phosphate. We therefore chose in Table 2 were purified to homogeneity to characterize their
these variants and their faster growing combinations with activity, flexibility, and thermostability in more detail. The
P2S for further studies. corresponding genes were heterologously expresdedaali
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Table 2: Enzyme Kinetic Constants of sSIGPS and Temperature
Dependence and Comparison to Those of Selected Vatiants

Kwm Kp Keal Km
proteir? T(CC) ka(sh @M) (@M) @M1s?
25 0.03 0.04 0.02 0.7
sIGPS 37 0.15 0.05 0.03 3.0
60 0.98 0.05 0.06 14.2
P2S 37 0.16 0.05 0.04 3.2
F246S 37 0.35 0.40 0.30 0.9
G212E 37 0.36 5.60 2.60 0.1
P2S/F246S 37 0.27 0.42 0.39 0.6
P2S/G212E 37 0.57 10.9 3.60 0.1
elGPS-PRA] 25 3.60 0.42 0.54 8.6

aWith 0.05 HEPPS buffer (pH 7.5), 4 mM EDTA, or 2 mM EDTA.
bsIGPS and variants identified in Figure 1#Bifunctional elGPS-
PRAI (22), 0.05 M Tris chloride (pH 7.5), and 4 mM EDTA.

strain W3110tnaA2 AtrpC hsdR2, zji-202Tn10, and the
mutant proteins were purified from the soluble fraction of
the cell extracts to homogeneity, using standard chromato-
graphic techniques (data not shown). Enzyme kinetic con-
stants were determined at 3 with a sensitive fluorometric
assay that is based on the different fluorescence propertie
of the substrate CdRP and the product IBFB(Q). The buffer

and assay conditions that were used were different from those
used for the crude extract assays, whose results are presentem

in Table 1. It was shown previously that sIGPS was more
active in 0.05 M HEPPS buffer than in 0.05 M Tris-HCI
buffer (7).

The turnover numbek(,) of P2S is only marginally larger
than that of the parental sIGPS, but the turnover numbers o
G212E and F246S are doubled. Moreover, the combination
with P2S increases the turnover number of G212E 2-fold
further, but the same combination decreases the turnove
number of F246S somewhat. As observed in some other
studies 82, 33), sequence changes can improve the protein
folding efficiency, compensating for the decrease in activity.
As also shown in Table 2, tHe, value of SIGPS increases
markedly with increasing temperature, so it is about as active
near its physiological temperature as elGPS at’G7 In
contrast to the large effect of single changeskan the
temperature dependence of g of sIGPS is only moder-
ate.

The most striking differences are found in kg values,
which increase 8-fold (F246S and P2S/F246S), 100-fold
(G212E), and 200-fold (P2S/G212E) (Table 2). The catalytic
efficiencies k../Ku) of the variants decrease-80-fold,
despite the 24-fold increase in the turnover numbles,

and mainly due to the dramatic increases in the respective
Kwm values. Therefore, the data for P2S, G212E, and F246S

confirm that they must have been selected for increased
values ofk., rather than for increased catalytic efficiency.
The implication that these single-site variants are always
saturated with substrate in vivo (that is, [CARPJLOKy) is
supported by the accumulation of CARP in the culture filtrates
(Table 1). The high levels of CdRP allow the transformants

producing these variants to achieve high growth rates, even

though their affinities for the substrate are greatly reduced.
Since only traces of CARP accumulate in the culture filtrates
of the most rapidly growing transformants (e.g., P2S/G212E),
the intracellular concentration of CARP must be much higher
than the extracellular concentration for saturation of these
SIGPS variants.

r

Merz et al.
k,(S] ky ks
S+E——ES ~>EP+=——E+P
) kq[P]
CO,, H,0

Ficure 3: Minimal catalytic mechanism of the reaction catalyzed
by sIGPS (E). S is letcarboxyphenylamino)-1-deoxyribulose
5-phosphate (CdRP). P is indoleglycerol phosphate (I&PF. 0,
because decarboxylation of CARP renders the conversion ef ES
EP irreversible.

Equilibrium of IGP Binding.Having obtained several
activated variants of sSIGPS with increased valuels.qfwe
now are faced with the question of how single-residue
substitutions can significantly increase the turnover number
of sIGPS at 37C. Figure 3 shows a condensed version of
the catalytic mechanism of the IGPS reaction. The substrate
(S = CdRP) binds in a single step to the enzyme (E);
conversion of the enzyme-bound substrate (ES) to enzyme-
bound product (EP) occurs in the following, irreversible step
[which may actually involve several intermediat&3](and
product (P= IGP) is finally released in a single step by
dissociation of EP. This overall mechanism suggests two
alternative scenarios for the increased turnover nuniggy (

sOf the variants. (a) The irreversible conversion of ES to EP

Is rate-limiting in the parental enzyme, and product release
is relatively fast (i.e.ks < ks in Figure 3). In this case, the
easured value df.: = ks. Alternatively, (b) the release of
product is rate-limiting, and the chemical step is relatively
fast (i.e.,ks > ks). In this second casé.,: = ks, meaning
that the enzyme is “constipated”. These two possibilities can
be distinguished by measuring the rate constants of IGP

¢binding to () and dissociation fromk) both sIGPS and a

representative variant.

Kinetics of IGP Binding.We decided to focus on the
ariant F246S, since the substitution site is relatively far
removed from the active site (Figure 1B) and yet displays
significant changes in its catalytic constants (Table 2).
Because decarboxylation of CARP makes the chemical step
of IGP production irreversible (i.ek, = 0 in Figure 3), the
product inhibition constarip is identical to the equilibrium
dissociation constatty (=ks/ks) of the SIGPS-IGP complex.
Kgwas first determined independently by equilibrium binding
studies. Increasing concentrations of IGP were added to a
fixed, low concentration of the pure protein. The fluorescence
of the mixed solutions [excited at 295 nm, where only the
indole moieties of the single tryptophan residue of sIGPS
(W8) and of IGP absorb, and emitted at 330 nm] exceeded
that of the separately measured protein and IGP solutions,
indicating that the quantum yield of W8, bound IGP, or both
is increased in the proteilGP complex. The titrations were
performed in the presence and absence of protein, and the
binding curve was then obtained by subtracting both the
fluorescence of the protein and that of the control ligand.
The thermodynamic dissociation const&itwas calculated
by fitting the data points by means of a nonlinear least-
squares minimization procedur2j (Figure 4) to the simple
binding equilibrium given by eq 1

Y

E-IGP%E—F IGP Q)

5

whereKy = [E][IGPY/[E-IGP] = ks/ks, with [E], [IGP], and
[E-IGP] being the equilibrium concentrations of the unli-
ganded enzyme, the ligand, and the enzytigand complex,
respectively. A reasonable agreement was found, for both
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degree of saturation
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Ficure 4;: Determination of the equilibrium dissociation constant
Kq of enzyme complexes with IGP. Fluorometric titration of protein
with IGP at 37°C in 0.05 M HEPPS buffer (pH 7.5) and 4 mM
EDTA: (@) sIGPS and®) F246S. The protein concentration was
1.1 uM. The increase in fluorescence (excitation at 295 nm,
emission at 330 nm) was normalized by the maximal valtg. (
Best fit curves with they values given in Table 3.

Table 3: Equilibrium and Rate Constants for Binding of IGP to
sIGPS and the F246S Variént

equilibrium raté
Ko K Ke ks ks Kea®
protein  (uM) (M) (@M) (@MlsY (s (s}
sIGPS 0.05 0.03 0.04 5.0 0.19 0.15
F246S 0.21 0.30 0.26 37.0 9.60 0.35

2 Protein concentration of 1/M. Buffer as in Table 2P Data from
Figure 5; estimated erroes 20%. ¢ Data from Figure 49 Data from
Table 2.¢ Average ofKy andKp; estimated errors= 20%.

sIGPS and the F246S variant, between the product inhibition.

constantsKp and the dissociation constarity (Table 3),
confirming the increase iKp of F246S over that of sIGPS.
The kinetics of binding of IGP to both sIGPS and the
F246S variant at 37C was measured by using a stopped-
flow instrument at a fixed concentration of protein and
variable concentrations of IGP, the latter always in large

excess over the concentration of binding sites. The bmdmgF(Figure 3) that the chemical stegs & 0.35 s3) now limits

process was recorded as an exponential increase in IG
fluorescence (Figure 5Akqns was determined by using eq
2

Foo = Fi=(F, = Fy) exp(kond) 2

whereF; is the time-dependent fluorescence &dandF.

are the initial and final values, respectively. The observed
rate constant,9 depends linearly on the total concentration
of IGP under these conditions, as given by e®38):(

kobs= kS + kG[IGP]total (3)

Figure 5B presents the increasekips with increasing total
ligand concentration, givings as the slope of the straight
line. Because the small value & cannot be determined
from the ordinate intercept of the line as accuratelyjkas
can be from the slopés was calculated by using eq 4

ks = koK (4)

whereK is the average okp andKy (Table 3).

As summarized in Table 3 (0.19 s?) of wild-type
sIGPS is identical, within the error limits, to its turnover
numberke (0.15 s1). Thus, the turnover of wild-type sIGPS
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Ficure 5: Transient kinetics of IGP binding to sIGPS and the F246

variant protein. The total protein concentration wasgML. Other
conditions were as described in thr legend of Figure 4. (A) Typical
transient of the monoexponential fluorescence increase. {iGP]

= 1.1 uM. kops = 6.1 sL. (B) Dependence okqps ONn the total
concentration of IGP. The straight lines represent fits of the rate
constants for wild-type sIGP¥( and the F246S varian®| to eq

3. The values of the rate constants are given in Table 3.

is limited by release of bound IG; that i > ks = ke, @S
in scenario b. The same measurements with F246S yielded

values for the product on- and off-rate constatand ks

that were much larger than those observed for sIGPS (Figure
5B). Moreoverks (9.6 s1) is about 25-fold larger thakga
(0.35 s'%), showing that product release no longer limits the
catalytic turnover of F246S. It follows from the mechanism

the turnover rate; that iks > ks = keay @s in scenario a.
The parental sSIGPS may have the same or a ldegealue,
but cannot have a smallég value, because the release of
product is rate-limiting K3 = ks = keay).

One possible structural explanation for the large accelera-
tion of IGP binding and release, caused by the F246S
substitution, is as follows. The active site of both elGBS (
and of sIGPS {, 27) is well-shielded from the solvent.
Therefore, the binding of IGP to sSIGPS must be accompanied
by rapid conformational changes between closed and open
states, which slow the overall processes of IGP binding and
release. In keeping with this view, the equilibrium between
the closed and open states of the active site is shifted
significantly toward the open state in the F246S variant. Since
Kp = Kq for G212E and is about 9-fold larger than that of
F246S (Table 2), its rate constant of IGP reledgeRigure
3) is presumably also larger than that of F246S (Table 3).
In support of this interpretation, G212E has the same turnover
number as F246S, which most likely corresponds to the value
of ks for the parental sIGPS. It follows that the further
increase irk.a:0f P2S/G212E (0.57°3), over that of G212E
alone, reflects the additional increasekiyabove the value
of 0.35 s of sIGPS, F246S and G212E. Put differently,
substitutions P2S and G212E actually cooperate to accelerate
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Table 4: Flexibility and Thermostability of sSIGPS and Selected concentrations 1Q'f0|d larger t_han the r_e_SpeCKwalue'
Variants and Rates of Inactivation by Trypsin and Heat and These concentrations of IGP did not inhibit trypsin (data not
Protection against Trypsinolysis by Bound IGP shown). Table 4 shows that bound IGP protects the most
half-life (min) susceptible double-site variants P2S/F246S and P2S/G212E
trypsir? heat relatively efficiently. We conclude that the product IGP, and

most likely also the substrate CdRP, shifts the conformational

proteir [GPI=0 [GP] = 10K [GPI=0 equilibrium of these variants from a flexible to a more rigid
}SDISSPS 128 1628 f86 conformation that also decreases the accessibility of R27 in
F246S 40 nel 1 loop o0to.
GZl/ZE 40 nd 38 Protein Stability.Protein unfolding studies can reveal the
P2S/F246S 8 60 <0.1 ; ; : ; -
P2S/G212E 15 60 19 loosening of protein structure by amino acid substitutions

(5). However, attempts to unfold sIGPS with guanidinium

2sIGPS and variants with the indicated substitutions (Figure 1A). hioride under equilibrium conditions were unsuccessful
b Decay of full-length protein after trypsinolysis in 0.1 M Tris acetate sIGPS unfolds very slowly and aqgareaates stronaly in thé
at pH 7.8 and 25°C, estimated by SDSPAGE. ¢ Conditions as y Yy ggreg gly

described in footnote b, but with the IGP concentration 10-fold larger Unfolding transition induced by guanidinium chloridé).(
than Ke (Table 2).9 Decay of active enzyme in 0.05 M potassium Therefore, the relative kinetic stability of the purified variants

phosphate at pH 7.5 and 86'6. © Not determined. was assessed by measuring their rates of irreversible thermal

denaturation. Because this rate is governed by the many
both the rate of product releasks)(and the rate of the  €lementary interactions that must be overcome simulta-
chemical stepl). The effect of increasing temperature on Nneously between the ground state and the transition state of
keas Kw, and Kp shown in Table 2 suggests that the Protein unfolding, itis a biologically relevant, albeit opera-
constipation by product release, which limits the activity of tional, criterion of thermostability21, 36).

the parental protein at 3C, is relieved at 60C by a similar Table 4 confirms the relatively high thermostabilities of
increase in flexibility as effected by single- or double-residue P2S, G212E, and P2S/G212E, and the low thermostability
replacements at 37C. of F246S detected in Tris buffer (Table 1). Moreover, there

Protein Flexibility and Ligand BindingPossible changes is a correlation between the location of the substitution and
in the native-state flexibility of sSIGPS and the variants were heat sensitivity in the following sense. Theamino group
probed semiquantitatively by limited proteolys&5). Trypsin of S2 in P2S cannot form the salt bridge to E141 analogous
cleaves solely at the R26J27 peptide bond of sIGPS, to that of P2, because its OH group would have to point

giving the stably folded, partially active fragmeh{l—26)- into the hydrophobic pocket. Thus, the loosened N-terminus
sIGPS (B. Darimont and H. Szadkowski, unpublished of P2S could account for the 2-fold decrease in thermal
experiments), similar to the deletion variant R2@—28) stability. In the analogous case of tIGPS, disruption of the

reported here. R26 is located in the external loop that R2—D184 salt bridge by the substitution D18421) has
connects helixy with helix oo (Figure 1B). Moreover, the  only a minor effect on the rate of thermal inactivation. F246
side chain of R26 points into the interior of the protety (  is located close to the C-terminus of SIGPS, at the end of
27) and participates in an energetically favorable triple salt helix ag (Figure 1B). The phenyl ring of F246 is part of a
bridge cluster with R28 and D128 (on loopfs). Because  multiple hydrophobic cluster, which strengthens the interac-
the peptide bond of R26 is nevertheless cleaved slowly evention between module8a; andSas, the noncovalent closure
in wild-type sIGPS, the loop containing R26 must fluctuate of the (Ba)s-barrel, and supports the phosphate-binding helix
dynamically to a certain extent, exposing the side chain of ag. Substitution of the bulky, hydrophobic side chain of F246
R26 transiently §5). The rate of cleavage at R26 by trypsin  with the small, hydrophilic side chain of serine must weaken
is therefore a qualitative measure of the mobility of loop this cluster, resulting in a less stable protein. In support of
0L0gp Of SIGPS and its variants. this interpretation, disruption of a salt bridge (E/R241)
The purified proteins were exposed to trypsin in 0.1 M that cross-links the adjacent helices and og in the
Tris buffer at pH 7.8 and 25C. Identical aliquots were  analogous case of tIGPS, by the substitution R2428,(
withdrawn at different times, and the respective half-lives has a strongly destabilizing effect. These observations
of the full-length protein chains were estimated from indicate that, at least in the IGPS fold, the closure between
Coomassie-stained SBPolyacrylamide gels. Table 4 shows the fau and fag modules is the weak spot. G212 in loop
that the half-lives of proteolysis are decreased for all variants. 5707 is invariant (Figure 1A), and its amide proton is
The most likely explanation is that the disruptive substitutions probably hydrogen-bonded to the phosphate moiety of both
loosen indirectly loopoo containing the susceptible R26 ~ the substrate and the product. There is enough space in the
Q27 bond (Figure 1B), irrespective of their position in the Wwild-type structure to accommodate the larger side chain of
structure. In support of these long-range perturbations, theglutamate, without disrupting these stabilizing interactions.
effects are additive in the double-site variants, particularly As expected, no large decrease in thermal stability or
in P2S/F246S. Thus, loosening both the N- and C-termini resistance toward trypsinolysis (Table 4) is observed.

seems to increase synergistically the flexibility of a larger  Consistent with these correlations, the individual desta-
part of the structure of sIGPS. bilizing effects are additive in P2S/F246S, but not in P2S/

To check whether this loop flexibility is also coupled to G212E. Overall, the correlation between protein flexibility
the binding of substrates and products to the active site, weand the rate of thermal inactivation supports the idea that
repeated the trypsin digestion experiments in the presencehe dampening of fluctuations between adjacent secondary
of IGP at levels leading to 90% saturation, that is, at structural elements [“resilienceZ)], as well as the fixation
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of the N- and C-termini, plays an important role in stabilizing

sIGPS.
sIGPS is strongly stabilized in phosphate buffer =

46 min at 87°C; Table 4) in comparison to HEPPS buffer
(tyz = 4.4 min at 89°C; 7), presumably by the bound
phosphate. This observation indicates that phosphate is a

multiple electrostatic clamp between K53 (Igfg,), G212
(loop 707), and the helix dipole of helixwg (Figure 1B),

that is, between protein modules that are far apart in the
protein sequence but adjacent in space. Thus, there is a 8.
significant correlation between the decreased affinity of the

variants for both the substrate and the product (i.e., increase 9
in Ky andKp; Table 2) and the increase in their flexibility

and heat sensitivity (Table 4).

CONCLUSIONS
The catalytic turnover of sSIGPS at 3T is limited by the

rate constant of product release, apparently because the
peptide loops that obstruct the active site are not flexible 14.
enough at low temperatures. In support of this interpretation,
raising the temperature also activates the parental enzyme.
Because the rate constant of product release of the variant =
F246S is substantially increased, the actual catalytic process 16.
becomes rate-limiting. This switch is presumably achieved

by loosening the complex phosphate binding site, indirectly 17 _ .
in the case of both F246S and P2S, which are located at the 18- Schneider, W. P., Nichols, B. P., and Yanofsky, C. (1981)
C- and N-terminus, respectively. Other substitutions weaken g
the binding of phosphate more directly, for example, G212E

by electrostatic repulsion or L236Q and M237T by unfolding  20.
of helix ag. The simultaneous increase in turnover numbers

and decrease in both substrate and product affinities as well 2L
as the increase in overall protein flexibilities explains why 5o
the pairwise combinations of single-residue changes lead to
synergistic activation. However, these correlations are nota 23.

3.

5.
6.
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