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Abstract

In the present report, a possibility of the interaction of Ser-33 and Asp-112 residues in folding of tryptophan syn-
thase o subunit was explored by examining the effect of single or double substitution of these residues on folding
of a subunit in E. coli. o subunit of which Ser-33 was substituted with Leu (SL33) was accumulated as insoluble
aggregate form, when overproduced in E. coli, whereas o subunit of which Asp-112 was replaced by Asn (DN112)
or Gly (DG112) was accumulated as soluble form to the similar extent as wild type & subunit was. When these
alterations were combined into one protein, the synergistic effect of residues 33 and 112 on the amount of aggregate
form was shown. The amount of doubly altered SL33/DG112 a subunit as aggregate form was increased 5-13 fold
that of SL33 o subunit, and the amount of SL33/DN112 o subunit as aggregate form was decreased 3-4 fold that
of SL33 a subunit. Aggregates are derived from the specific association of partially folded or unassembled subunits
in the folding process. Therefore, this result suggests that residues 33 and 112 of a subunit may interact during
the folding of this enzyme in E. coli.
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Introduction

It is generally accepted that the amino acid sequence
of a protein determines its three-demensional structure’.
However, the mechanism by which the amino acid se-
quence of a protein directs the folding to the native fu-
nctional conformation is not known in detail for any
protein. This lack of understanding is due in part to the
high cooperativity of the folding transition and the con-
comitant absence of stable intermediates and in part to
the rapid rate of folding which precludes the use of
high-resolution techniques such as X-ray diffraction or
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nuclear magnetic resonance (NMR) spectroscopy® .

The native conformation of proteins is maintained by
numerous noncovalent and covalent interactions resul-
ting from hydrogen bonds, salt bridges, van der Waals
interactions, hydrophobic interactions and disulfide bo-
nds. Although the stabilization energy contributed by
any one of these interactions is small, it has long been
known that they act in a cooperative fashion to stabilize
a single three-dimensional structure for a given amino
acid sequence.

Recent studies showed additional factors involved in
in vivo folding of protein : (i) Peptidyl prolyl cis-trans
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isomerase (PPI), which catalyzes the slow isomeration
of X-P peptide bonds (where X is any amino acid and
P is proline in single-letter amino acid code), can accele-
rate the refolding rate of proline containing polypeptides
in vitro and in vivo®. (ii) The rearrangement of disulfide
bond can be promoted by protein disulfide isomerase
(PDI) which catalyzes thiol/disulfide interchange reac-
tions®. (iii) Chaperones function in vivo not as catalysts
of secondary structure formation, but rather to recognize
and stabilize partially folded intermediates during poly-
peptide folding, assembly and disassembly®’. (iv) The
ligands increase the stability and affect folding process
of protein®. For example, the renaturation of dimeric
horse liver alcohol dehydrogenase was accelerated by
Zn'". (v) The cofactors affect not to functions but to
folding and assembly. For instance, the pantothetenate
is required for the assembly of cytochrome c oxidase
and ATPase/ATP synthase in Neurospora crassa”.

Roles of particular amino acids in protein folding can
now be elucidated by using single amino acid replace-
ment®. An excellent candidate for this approach is the
tryptophan synthase (TSase) o subunit of Escherichia
coli, since it is a monomer in solution and contains no
prosthetic group or disulfide bond®.

TSase is composed of a.f. multienzyme complex, ca-
talyzes final two reactions in the biosynthesis of -tryp-
tophan®®. The ¢ subunit (M,=28,600) alone cataly-
zes the cleavage of indole 3-glycerol phosphate (IGP),
termed the o reaction.

Indole 3-glycerol phosphate 2

indole t+ D-glyceraldehyde 3-phosphate

The § subunit (M,=43,500) usually exists as a di-
mer, contains one molecule of a cofactor pyridoxal pho-
sphate (PLP) per each subunit, and catalyzes the syn-
thesis of L-tryptophan (;-Trp) from indole and L-serine
(;,-Ser) termed the P reaction.

Indole+,-serine 2 -tryptophan+H,0

When the a and § subunits combine to form the a,f,

complex, the rates of the a and B reactions and the affi-

nities for substrates in these reactions are increased'”.
This activation is contingent on conformational changes
that occur during the assembly of the nature 0.8, com-
plex. The physiologically important reaction catalyzed
by the a.f. complex, termed the af reaction, is the sum
of the a and P reactions.

Indole 3-glycerol phosphate+L-serine 2

1-tryptophan + D-glyceraldehyde 3-phosphate+H,O

TSase 0.p> complex from E. coli has been crystallized,
but crystals suitable for x-ray crystallography have not
been obtained. In contrast, crystals of the enzyme from
Salmonella typhimurium yielded good x-ray data'®. The
high homology with the a and the B subunits from E.
coli and from S. typhimurium suggests that the confor-
mations of these two complexes will be quite similar.

Previous studies on the folding of the a subunit have
proposed that one or more stable intermediates appear
during folding'®. The structural interpretation of the
principal intermediate is based upon the observation
that the protein can be converted to two fragments by
limited tryptic digestion'®. The amino region consists of
residues 1—188 and carboxyl region of residues 189—
268. The isolated fragments can be combined to form
active enzyme in solution. The X-ray structure shows
that the amino region corresponds to the first six stra-
nds and five helices of this o/B barrel proteins, while
the carboxyl region corresponds to the last two strands
and three helices. The principal intermediate has been
proposed to consist of a folded amino domain and an
unfolded carboxyl domain on the basis of both differe-
nce UV and circular dichroism spectroscopies'”. The
amino domain was shown to be substantially more sta-
ble than the carboxyl domain. Also, the unfolding tran-
sition of the isolated amino domain is coincident with
the second of the two transitions that are observed in
the intact protein’®. Thus, there appears to be a good
correlation between the structure of the principal stable
intermediate and the state of folding of the structural

domains in the native conformation.
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Certain mutant TSase subunits containing single
amino acid difference from the wild type protein were
expressed in vivo as large, insoluble aggregates'®. Aggre-
gates are derived from the specific association of partia-
lly folded or unassembled subunits in the folding pro-
cess, and the end products of aggregation iz vivo are de-
nse, insoluble protein particles (inclusion body). Such
mutant o subunits are of particular interest for struc-
ture-function studies because they may represent poly-
peptides with altered folded properties’®.

When a subunits encoded in plasmids containing frpA
plus fac promoter were overexpressed by lactose, SL33
single mutant enzymes (XY refers to the replacement of
X by Y at position 33 in one letter abbreviation) were
mainly expressed as insoluble aggregates, whereas wild
type, DG112 and DN112 single mutant enzymes were
expressed as soluble forms!”.

Differential scanning calorimetry (DSC) was used to
compare stability of each mutant protein. The SL33 re-
placement was shown to decrease the Tm by 7.53C ;
the DN 112 or DG alteration decreased the Tm’s by 3.
08 and 5.087T, respectively'”. Nevertheless, these single
amino acid replacements don’t affect to global structural
alterations, because these mutant proteins showed enzy-
matic activities similar to those of wild type o subunit
in a, B, and off reactions. Therefore, Ser 33 and Asp
112 residues of E. coli TSase a subunit appear to be in-
volved in folding and/or stability of this enzyme.

In order to examine a possible interaction of residue
33 and residue 112 during folding, these two substitu-
tions were combined into one protein, and iz vivo fol-
ding properties of doubly substituted mutant subunits

were examined.

Materials and Methods

Chemicals

Ampicillin, chloramphenicol, indole, L-serine, dithioth-
reitol (DTT), phenylmethyl sulfonylfluoride (PMSF),
acrylamide, N,N,-methylene-bis-acrylamide, and D-lac-
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tose were purchased from Sigma (USA). Agarose and
phenol were purchased from BRL (USA). Restriction
endonucleases, Sephaglas™ BandPrep Kit for DNA liga-
tion were purchased from Phamarcia (USA).

Bacterial strain and plasmids

E. coli RB797 (P, lacl’, proL8/arg, nalr, rif, recA, sup,
lac, pro) was served as the host strain for plasmids con-
taining the wild type or mutant {pA genes or irpB gene.
Construction of plasmids and preparation of mutant su-
bunits are described by Milton ef al.”.

Wild type and SL33 TSase a subunit genes are in pla-
smid containing the ampicillin resistant B-lactamase
gene. DG112, and DN112 o subunit genes and wild
type B subunit gene are present on a chloramphenicol
acetyltransferase (CAT) gene encoding plasmid. The f-
lactamase and CAT genes are widely used as selection

marker genes.

DNA manipulation

The plasmid DNA was routinely prepared by the al-
kaline Iysis method'®. Each isolated DNA was digested
using Clal and Sall restriction endonucleases. After
restriction endonuclease digestion of the DNA, the frag-
ments were separated by 1% agarose gel electrophoresis
in L-buffer (36mM Tris base, 30mM NaH:PO., 1mM
Na,EDTA (pH 8.0)). Extraction of DNA from agarose
gel was carried out by Sephaglas™ BandPrep Kit from
Pharmacia. The ligation reaction was done by ligation
reaction mixture containing 10x ligation buffer (100
mM Tris-HCl (pH 7.4), 50mM KCl, 1mM DTT, 0.1mM
EDTA, and 50% glycerol) 10ng/ml BSA, 1mM ATP, T
4 DNA ligase. and then the mixture was incubated ove-
might at 12T.

Transformation of E. coli strain RB797 with mutant
plasmid was done by the CaCl, method'®. Since the
double mutant plasmid for SL33 and DG112/DN112
mutant TSase o subunit conferred ampicillin resistance
to their host cells, the transformed bacteria were sprea-
ded on TYS plates containing ampicillin (30ug/ml) and
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incubated at 37C overnight.

Growth of cells and preparation of cell-free extracts

E. coli strains containing plasmid were grown at 37C
with shaking in TYS broth containing ampicillin (30pg
/ml) or chloramphenicol (10pg/ml). 20ml of overnight-
grown cells were subcultured into 12 of a modified TYS
broth containing appropriate antibiotic. Lactose (1%, fi-
nal concentration) was added to cells at an ODsoo of O.
4 to 0.5. Following growth for 20 to 22 hrs for o su-
bunit or for 4 to 5 hrs for B. subunit, the cells were
harvested by centrifugation at 28,000Xg for 20 minu-
tes, and washed twice with 20mM potassium phosphate
buffer (pH 7.8) containing 5mM DTT, 5mM EDTA,
and 0.2mM PMSF.

The cells were resuspended in 20mM potassium pho-
sphate buffer (pH 7.8) containing 5mM DTT, 5mM
EDTA, 0.2mM PMSF and sonicated. The sonicated cells
were centrifuged at 28,000Xg for 15 minutes. The
preparation of crude extracts containing f, subunit was
similar to those described above except that the buffer
was 0.2M potassium phosphate buffer (pH 7.8) contai-
ning 10mM B-mercaptoethanol, 5SmM EDTA, 0.5mM
PMSF, and 0.02mM PLP. Induction of a and B, subunit
by lactose was ascertained on sodium dodecylsulfate-
polyacrylamide gel electrophoresis (SDS-PAGE)'®. The
supernatant was stored at —70C until used.

Protein assays
The concentrations of crude extracts were measured
by microbiuret method with bovine serum albumin as

a standard®?.

Results

Construction of plasmids for double mutant SL33/
DG112 and SL33/DN112 of the TSase a subunit

The double mutant vectors were obtained by combi-
ning different fragment of expression vectors which
have single mutants (Fig.1). Plasmid DNA’s containing
single mutant t7pA’s were digested by Clal and Sall.

Salt”
plactpA(SL33)

o
PCATHPADX112) 2

Sall

i
Clo 1/ Salt
isolote 3000bp backork:
(containing SL33 mutont)
o

Cla 1/ sal i
isolale 1070Lp insert
(containing DX112 mutant)
t

T
Ligate
L33, ¥ pxuz

plactrpASLI3/OXT112)

Fig. 1. Construction of vectors for double mutant subu-
nits. The open bar arrow represents the fac pro-
moter and indicates the direction of transcrip-
tion. The solid bar represents the #rpA gene en-
coding TSase o subunit. The detailed explanation
for the construction of vectors are described in
Materials and Methods. Single mutant vectors

were prepared previously by Lim ef al.'®.

1,070bp fragment of the pCATirpA gene containing DX
112 was ligated to plactrpA backbone containing SL33
mutant by T4 DNA ligase. Since the double mutant pla-
smid for SL33/DX112 conferred ampicillin resistance to
their host cells, the transformed bacteria could be selec-
ted on TYS plates containing ampicillin. Transformation
with backbene alone, which was processed exactly by
the same way except omitting insert, resulted in no tra-
nsformant. Right size of insert was verified on agarose
gel after treatment of restriction endonuclease Cla I and
Sall.
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In vivo overexpression of wild type, singly or doubly

substituted TSase a subunits

The #pA genes are under the control of the fac pro-
moter and are inducible by lactose®. The wild type a
subunit constituted more than 30% of total soluble
protein and a little amount of aggregated pellets inside
cells after 22 hr induction.

Because the altered amount of aggregated pellets may
be due to the altered kinetics and (or) pathway of pro-
tein folding, the amounts of soluble and aggregated fo-
rms of doubly substituted TSase subunits together with
wild type and singly altered ones were examined.

Overnight-grown RB797 celles carrying plasmids with
various trpA genes were subcultured. When OD at 600
nm reached to approximately 0.4, TSase a subunits
were induced with lactose. Cells were harvested after 6
hr and 22 hr, and lysed by sonication. Soluble and pel-
let fractions were run on SDS-PAGE (Fig. 2). Majority
of wild type subunits were overexpressed as soluble
form to the extent similiar to that reported previously®.
In case of singly altered mutants, larger amount of SL33
o subunit was accumulated as insoluble aggregates com-
pared to wild type a subunit, which was prominent af-
ter 22 hrs induction, whereas DG112 and DN112 a

(B) & @

Fig. 2. Amounts of wild type and various mutant a subunits in the soluble or aggregated forms after lactose induc-

tion. E. coli cells carrying various irpA genes were havested after 6hrs (A) or 22hrs induction with lactose

(B). The cells were resuspended in 20mM potassium phosphate buffer (pH 7.8) containing 5mM DTT, 5mM
EDTA, 0.2mM PMSF, and sonicated, and centrifuged at 28,000Xg for 15 minutes. The pellet (P) was resus-
pended in the same buffer. 100ug of each supernatant (S} was loaded, and the amount of loaded pellets

are equivalent to that of supernatant in terms of volumn. a and B (lane M) indicates the mobilities of TSase

a and B subunit, respectively.
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Table 1. Summary of densitometric scans of gels

Fraction of

total a subunit (%)*

Ratio of aggregated o
subunit to soluble @ subunit®

TSase
6 hr 22 hr 6 hr 22 hr
induction induction induction induction
Wild type 56 58 0.04 0.24
SL33 20 18 0.3 1.9
DG112 28 18 0.08 0.59
DN112 39 24 0.07 0.49
SL33/DG112 29 18 3.8 10.2
SL33/DN112 32 41 0.11 0.49

The amounts of protein bands on gels were presumed to correspond to their peak areas of gel scans.

* means percentile of total subunits (both soluble and pellet forms) to total cell proteins : this was calculated by fol-
lowing equation (A+(BXD)+100)/(100+D), where A is ratio of soluble a subunit to total soluble protein, B
is ratio of aggregated a subunit to total pellet protein, and D is ratio of aggregated a subunit to soluble o subunit.

® obtained by following equation ((AX100)/B)XC, where C is ratio of net amount of ¢ subunit in supernatant

and pellet, and A and B are defined as above.

subunit showed wild type like patterns. These are also
consistent with the previous report®”. When SL33 alte-
ration and DG112 or DN112 was combined into one
subunit, SL33/DG112 a subunits were more severely
converted into aggregate pellets than either SL33 or DG
112 @ subunits did, whereas the distribution of SL33/
DN112 a subunit was not significantly different from
that of SL33 or DN112 @ subunit. The amount of su-
bunits were quantitatively estimated by densitometric
scanning and summarized in Table 1.

Any mutant o subunit didn’t exceed the level of total
wild type proteins, even though all mutant a subunits
were accumulated to the significantly high levels.

Distribution of a subunits in soluble and pellet forms
was varied depending on the kinds of alteration. In case
of wild type o subunit, the ratio of aggregated form to
pellet one was 0.04 and 0.24 after 6 hr and 22 hr, re-
spectively.

Importantly, it is clear here that SL33/DG112 double
substitutions increased the formation of insoluble aggre-
gates of a subunits compared to either SL33 or DG112

singly substituted o subunit. The ratio of aggregated SL
33 or DG112 a subunit to its corresponding soluble
protein was 0.3 or 0.08 after 6 hr induction, respecti-
vely, and 1.9 or 0.59 after 22 hr induction, respecti-
vely. But, the ratios of SL33/DG112 mutant a subunit
were 3.8 and 10.2 after 6 hr and 22 hr induction, res-
pectively. This indicates that additional DG112 replace-
ment of SL33 mutant o subunit increased the ratios of
aggregated SL33 o subunit to it soluble form, respecti-
vely, 12.7 and 5.4 fold after 6 hr and 22 hr induction.

Contrary to this, the additional DN112 substitution
of SL33 mutant subunit increased the formation of so-
luble o subunit. The ratios of aggregated SL33/DN112
subunits to its soluble forms were reduced about 3 fold
(0.3—0.11), and about 4 fold (1.9>0.49) after 6 hr
and 22 hr induction, respectively, compared to that of
SL33.

Discussion

Generally, an amino acid either plays a role in itself
or cooperates with other amino acids in the function of
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protein. Example of such interactions can be found in
classical genetic studies of second-site revertants, e.g.,
the o subunit of tryptophan synthase® and, more rece-
ntly, the A repressor/operator system, where the loss of
binding due to substitution of one amino acid can be
recovered by substitution at a second site*®. The use of
mutagenic method is suitable for this kind of study.
Previously it was reported that the functional interaction
between two residues can be measured by quantitati-
vely comparing the properties of the two singly substi-
tuted proteins and the protein containing both mutati-
ons®,

Similar strategy could be appiled to dissect protein fo-
lding process. Cooperativity of two sites in the folding,
which are separated in three dimentional structure of a
native protein, can be examined by mutagenic appr-
oach.

Both residues 33 and 112 of E. coli TSase a subunit
are located in N-terminal folding domain, but separated
distantly enough not to have any direct interaction bet-
ween two sites composed of residues directly interacting
with these two residues. The altered ratio of aggregated
a subunit to soluble a subunit may be indicative of
changed folding kinetics/pathway. Aggregates is reported
to be formed by intrachain interaction of partially mis-
folded protein in the folding process of protein tertiary
structure.

SL33/DG112 double substitutions increased the for-
mation of insoluble aggregates of a subunits compared
to either SL33 or DG112 singly substituted o subunit
(Table 1 and Fig. 2). Contrary to this, the additional
DN112 substitution of SL33 mutant o subunit increa-
sed the formation of soluble subunit.

If the sum of the effects of two single substitutions
on the folding pattern of the wild type protein equals
the change seen in the double mutant, two sites sorrou-
nding these residues may not interact in the folding pro-
cess. Because SL33/DG112 double mutant o subunit
more easily formed insoluble aggregates than SL33 or
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DG112 single mutant subunit did, Leu-33 and Gly-112
have negative synergistic effects in folding, compared to
wild type. Since SL33/DN112 mutant a subunit redu-
ced the formation of insoluble aggregates and increased
the amount of soluble form compared with SL33 a su-
bunit, positive synergistic effects are shown.

Therefore, this result suggests that residues 33 and
112 located in N-terminal domain may synergistically
play important roles in the folding of N-terminal domain
of this protein.

Detailed properties of cooperativity of these two sites
remain to be examined further by other methods, for
example, urea denaturation folding/unfolding.

In addition, it could be suggested that it may be pos-
sible to suppress the aggregation of proteins frequently
encountered during i vivo overexpression of recombi-
nant proteins by specifically changing residue(s) that
plays a critical role in the folding process.
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YET SHUEL o ATSIHS] AN TTEATHOIMS Ser-3324 Asp-112 Z7|e| Ag
Fol - AalRs - Gt (PATSE BAYBA, *FA SR $HTHH)

do

o BiE A7 A oIt AT EYER F3EA (tryptophan synthase) o AT A oA
339 2719 AAF 1128 3719 ofxBale o] &40 T2 ¥4 FH(folding) o} Bdle Ao
BARA, o] AAE tAFUAN FEANZE 9, SL33(F7] 33H9 Ago] fFAlog AF) Hae
EE 239 golaFee 548 HAHT, DG112(F7) 112W9] ofABibe] FPNoR X&) A
9} DN112(ofa%3bo] opAmgiile g ) Aoy oPd A4 H5d o] 84T YAdgn
Bag df gk 2 dAFores of a4 T2 4 FHF 33¥ 279 1129 W Am A
7 ZAR] 3ld ® AE]) #7] @ 9ilE g e o9 4AS Wd ] A& diAET v
23l o] &g tAFUAA FFog FAAEte] ArGF o ARt ¥ A7 SL33 T 2] X §
Faol) Hl&) SL33/DG112 ©1F A& fie @43 Bt B o] ¥ e 844 5h2 44
59, SL33/DN11284+w B2 ¢¥9 Aag] /M4 5432 A4HAGD.

Densitometer 2 3 %% 23} SL33/DG112 A§ A99AE SL33 A& 29dA | wiaf 7144 Fefg)
Foll tig SHE Hejo] ko w7k 641 A A] o 58, 22417 A A] o 139 FUHt o,
SL33/DN112 A# o 29 4AE 2 HI7F 1/4—1/32 74 o83 A 338 x4 Ao
#FAoz A9 o Jehte 72 84 339 ¥3E 1129 94 Az Mg Fe B of
2ol g pH, 72 ¥4 AF Hat U o WA d4hE o= A JEHYUSS
ol g},

o] 27 AT EYEH FHEL o 2BHHY N T o (Neterminal domain)®] +2= A4
#AA 3398 Friek 1129 A7) AE5AES 2 S-S AAR F3 Stk
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