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Abstract—Bacteriophage T4 gene product 9 (gp9) is a structural protein of baseplate that plays a key role at the beginning of
the infection process. Biologically active gp9 is a trimer that consists of three domains. It is a convenient model to study fold-
ing and oligomerization mechanisms of complex multidomain proteins. The influence of deletions and mutations of sever-
al amino acid residues in the C-terminal part of molecule on protein folding, oligomerization, and functional activity has
been studied. It was determined that gp9 trimerization occurs post-translationally. It was shown that GIn282 and Ile284 are
essential for gp9 trimer stabilization. The disruption of hydrogen bonds formed by GIn282 with Leu203 and Thr205 of
neighboring chain has effect not only on interaction between monomers within trimer but also on folding of the polypep-
tide chain. Tsf (temperature sensitive for folding) and su (suppressor) mutations in the C-terminal region of the polypeptide

chain affecting protein folding have been found.
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The baseplate (BP) of Escherichia coli bacteriophage
T4 is a multiprotein molecular complex that is responsi-
ble for recognition, adsorption, and DNA injection into
the host cell [1]. Gene product 9 (gp9) is a structural BP
protein that connects the long tail fibers to it [2]. At the
beginning of the infection process the long tail fibers are
attached to receptors of the host cell, then a signal from
fibers is transmitted through gp9 to the BP. Gp9 initiates
its structural transition with subsequent tail sheath con-
traction and DNA injection into the E. coli cell. Interest
in gp9 study is due not only to a key role of the protein in
the phage infection process. Gp9 is of significant interest
as a convenient experimental model for studying folding
and oligomerization of complex multidomain proteins.
Clarification of principles polypeptide chain folding into
native spatial structure is one of the most important prob-
lems of molecular biology and has important practical
value for biotechnology and medicine.

The spatial structure of gp9 (288 amino acid residues
(aa)) at 2.3 A resolution had been determined by us earli-
er [3]. This allows carrying out directed mutagenesis of
the polypeptide chain by genetic engineering methods

Abbreviations: aa) amino acid residues; BP) baseplate; gp9)
gene product 9.
* To whom correspondence should be addressed.

and studying the influence of various mutations on pro-
tein folding, oligomerization, and functional activity. The
wild-type protein is a SDS-resistant trimer, so it can be
revealed by electrophoresis under denaturing conditions
without preliminary heating of the sample (during heat-
ing the trimer dissociates to monomers). This test can be
used for defining the degree of oligomerization of mutant
proteins. Finally, functional activity of mutant proteins
can be estimated by in vitro complementation assay, con-
sidering the property of wild-type protein to incorporate
into the 9 -defective particles and convert them into
infectious phages.

We previously found that the C-terminal part of the
polypeptide chain is responsible for gp9 trimerization [4].
Studying properties of various gp9 deletion variants, we
have concluded that the protein integrates into the phage
BP via the N-terminal domain [5]. This confirms the
three-dimensional model of BP determined by cryo-elec-
tron microscopy and image reconstruction [6]. The gp9
C-domain connects long tail fibers and causes their
mobility. We have established that the C-terminal part of
the polypeptide chain is essential for proper protein fold-
ing and trimerization.

The objective of this study was to establish how vari-
ous mutations and truncations within the C-terminal
domain influence gp9 folding and oligomerization.
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MATERIALS AND METHODS

Escherichia coli bacterial strains. The Topl0 strain
(Invitrogen, USA) was used for screening of recombinant
clones and for the plasmid DNA preparation. The
BL21(DED3) strain (Invitrogen) was used for expression of
genes cloned into the plasmid vectors. The CR63 strain
was used as the permissive host, and B®/1 was used as the
restrictive host for the phage T4 gene 9 amber mutant.

Cloning of gene 9 fragments. Gene 9 fragments trun-
cated at the 3'-end were amplified by PCR using oligonu-
cleotide primers containing point base substitutions to gen-
erate suitable cloning sites. We used 5'-GAGCCCATG-
GGCTCCCT-3" (Ncol restriction site is underlined) as
forward primer, and 5-TTATGGATCCACCTAGATT-
TTCTG-3', 5-TTGAGGGATCCCTTATTTCTGCG-
TA-3" and 5-TTGAGGGATCCCGATTTACTGCGT-3'
(BamHI restriction site is underlined) as reverse primers for
amplification of gene 9 fragments coding proteins with
deletions of 4, 5, and 6 C-terminal amino acid residues
(CA4, CA5, and CA®6), respectively. DNA fragments trun-
cated at the 3'-end of gene 9 were cloned into the Ncol-
BamHI sites of pET-23d(+) vector (Novagene, USA).

Construction of plasmid vectors for expression of gp9
mutants with GIn282 substitution. Mutated genes coding
gp9* with GIn282 substitution were amplified by PCR
using oligonucleotide primers containing random substi-
tutions and the point base substitutions to generate suit-
able cloning sites. We used oligonucleotide 5'-GAAA-
CCCATATGTTCATTCAAGAACCA-3" (Ndel restric-
tion site is underlined) as forward primer, and 5'-
ATATTTGGATCCATTATTGAGCCACCCCGATTTT-
nnnCGTAGCGATAAC-3', where n is A, C, G, or T
(BamHI restriction site is underlined), as reverse primer.
The DNA fragment was cloned into the Ndel-BamHI
restriction sites of pET-23b(+) vector (Novagene).

Expression of recombinant proteins in FE. coli
BL21(DE3). Expression of genes cloned under control of
phage T7 promoter was carried out as described earlier
[7]. Competent BL21(DE3) cells were transformed by the
plasmids, plated on 1.5% agar containing ampicillin
(100 pg/ml), and incubated at 37°C overnight. The trans-
formants were inoculated in 2x TY medium containing
ampicillin (200 pg/ml) and grown at 37°C until Agy, = 0.5.
Isopropyl B-D-thiogalactoside was added for induction of
the expression to a final concentration of 1 mM, and the
culture was incubated additionally for 3 h. The cells were
pelleted by centrifuging at 3500 rpm for 20 min
(Megafuge 2.0 R; Heraeus Instruments, Germany).

Immunoblotting was carried out as described earlier
[8].

Preparation of suspension of phage T4 9~ -particles. A
phage T4 gene 9 amber mutant (amC215) plaque in the E.
coli CR63 cells from top agar was transferred into 0.5 ml of
physiological solution containing 20 mM MgCl, and incu-
bated for 1 h at room temperature. This suspension was
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used for infecting 5 ml of liquid culture of E. coli CR63 in
an exponential growth phase with 2-10% cells per ml with
following incubation for 16 h at 30°C. The cells were lysed
by adding 2-3 drops of chloroform. The debris was removed
by centrifuging at 12,000 rpm for 10 min. The titer of infec-
tive particles was about 5-10'° plaque forming units per ml.

Preparation of cell extracts containing recombinant
proteins. A pellet from 0.5-ml cell culture was resuspend-
ed in 100 ul of lysis buffer (Na,HPO,, 0.6 g/liter;
KH,PO,, 0.3 g/liter; NaCl, 0.05 g/liter; NH,CI,
0.1 g/liter; 20 mM MgCl,, pH 7.5) containing 1 mM
phenylmethylsulfonyl fluoride and sonicated for 2-3 min
(15-sec pulses with 15-30-sec pauses) using a Virsonic
100 disintegrator (Virtis, USA). Cell debris was removed
by centrifugation at 12,000 rpm (Eppendorf, Germany)
for 2 min. Concentration of recombinant protein in the
supernatant was estimated by electrophoresis. Freshly
prepared cell extracts were used in the experiments.

Preparation of phage T4 9 -particles. Cell extract
containing phage T4 9 -particles was prepared as
described earlier [9] using gene 9 amber mutant C215.
The E. coli B°/1 cells were grown in 50 ml 2x TY medium
containing 5 mM MgCl, at 37°C to a density of 2-10% cells
per ml and twice (with 10-min interval) infected by the
amC215 with multiplicity of 5. After the second infec-
tion, the concentration of MgCl, was increased to 20 mM
and the culture was additionally incubated for 40 min.
The cells were pelleted at 4000 rpm for 10 min and resus-
pended in 2 ml of lysis buffer containing 0.05 mg/ml
DNase I. Aliquots were stored at —70°C.

Complementation assay in vitro. A 20-ul sample of
phage T4 9~ -particle extract was mixed with a 20-pul sam-
ple of cell lysate containing recombinant protein. The
mixture was incubated for 2 h at 30°C. During incuba-
tion, 5-ul aliquots were 1000-fold diluted in physiological
solution and titrated using E. coli CR63 cells.

Protein electrophoresis in polyacrylamide gel.
Electrophoresis was carried out as described earlier [10].
Gels were stained with 0.3% Coomassie brilliant blue R
(Sigma, USA) in acetic acid—ethanol—water (1 : 3: 6 v/v)
solution and destained by 50% ethanol and 7% acetic acid
solution. Samples were prepared by mixing of 100 pl cell
culture after expression and 30 pl of 4x sample buffer
(0.25 M Tris-HCI, pH 6.8, 8% SDS, 40% (v/v) glycerol,
20% (v/v) 2-mercaptoethanol, 0.02% (w/v) bromophe-
nol blue) and heated at 95°C for 5 min. Samples (10-
20 ul) were loaded on the gel.

Buffer solutions without SDS and 2-mercap-
toethanol were used for protein electrophoresis under
nondenaturing conditions.

RESULTS AND DISCUSSION

Co-expression of full-length gp9 with its deletion vari-
ants (NA54, NA167, and CA113). Functionally active gp9
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(288 aa) is a trimer and consists of three domains: N-ter-
minal, middle, and C-terminal. Spatial structure of gp9
solved by X-ray crystallography to 2.3 A resolution [3] is
shown in Fig. 1.

Earlier we determined that N-terminal deletions of
polypeptide chain do not affect protein trimerization.
Long deletions up to complete removal of the N-terminal
and middle domains do not affect the assembly of SDS-
resistant trimers, but none of them are active in in vitro
complementation assay [4]. Co-expression of full-length
gp9 with its N-terminally truncated fragment shortened
by 20 aa results in the assembly of homotrimers, as well as
heterotrimers, which also are SDS-resistant [5]. We have
carried out experiments on co-expression of full-length
gp9 with its NA54 and NA167 fragments shortened by 54
and 167 aa, accordingly, from the N-terminus, and
CA113 fragment shortened by 113 aa from the C-termi-
nus that form N-, middle, and C-domains, respectively.
Products of co-expression were analyzed by elec-
trophoresis under native conditions (Fig. 2a).

Additional protein bands have been observed on co-
expression of gp9 with NA54 and NA167 fragments (Fig.
2a, lanes IV and V). These bands were excised from the
gel, heated in buffer containing SDS, and resolved by
electrophoresis under denaturing conditions (Fig. 2b). As
shown in Fig. 2b, additional bands are heterotrimers of
full-length gp9 and NA54 truncated fragment (data not
shown for heterotrimers of gp9 and NA167). One of the
heterotrimers is a product of the assembly of one full-
length gp9 chain and two truncated chains (Fig. 2b, lane
3), while another is a product of the assembly of two full-
length chains and one truncated chain (Fig. 2b, lane 4).
Co-expression of gp9 and its CA113 fragment shortened

Fig. 1. Crystal structure of gp9 of bacteriophage T4 determined to
2.3 A resolution: a) trimer; b) monomer in trimer. N-, C-, and
middle domains are designated by letters N, C, and M, respec-
tively [3].
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Fig. 2. Native PAGE (8%) analysis (a) of gp9 (I1I) and products
of its co-expression with CA113 (I), NA20 (II), NA54 (IV), and
NA167 (V). Arrows show protein bands that were excised from
lane 1V, heated in SDS-sample buffer, and loaded on 12% SDS-
polyacrylamide gel (b). Lane numbers on gel (b) are correspon-
dent to band numbers on gel (a). Arrows show positions of
monomer forms of gp9 and its NA54 deletion mutant.

by 113 aa from the C-terminus did not result in the
assembly of heterotrimers (Fig. 2a, lane I). Only the band
corresponding to the trimer of wild-type protein was
observed in this case. This indicates that the C-terminal
part of the gp9 molecule is essential for trimerization, and
oligomerization apparently occurs post-translationally.

Design of gp9 C-truncated fragments. We previously
found that expression of gene 9 with C226 amber muta-
tion resulted in two recombinant proteins. One of them is
a fragment (CA7) shortened by 7 aa from the C-terminus,
and another is full-length protein (gp9*) with
GIn282—Ala single point substitution. It was shown that
deletion in the CA7 mutant completely blocks proper
folding of polypeptide chain, and its monomer is not able
to oligomerize. The GIn282—Ala single point substitu-
tion does not prevent protein trimerization [8].

We carried out more detailed mutagenesis of the C-
terminus to establish how deletions of different length
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Fig. 3. a) The C-terminal part of the gp9 polypeptide chain.
Arrows show the C-terminal amino acid residues of deletion frag-
ments. b) SDS-PAGE (12%) analysis of non-heated samples of
full-length gp9 and its C-truncated fragments. Arrows show posi-
tions of monomer and trimer forms of proteins.

influence the protein folding, oligomerization, and func-
tional activity. We have constructed plasmid vectors for
expression in E. coli cells of gp9 CA4, CAS5, and CA6 dele-
tion mutants shortened by 4, 5, and 6 aa from the C-ter-
minus of the polypeptide chain, respectively (Fig. 3a).
All vectors constructed are characterized by high level
expression. Sensitivity of mutant trimers to SDS (Fig. 3b)
and their biological activity (table) have been studied. It
was found that deletion of 4 aa has no affect on trimer sta-
bility (Fig. 3b, lane 2) and biological activity (table).
Consecutive removal of 5 and 6 aa from the C-termi-
nus does not affect the functional properties of the pro-
teins. CA5 and CA6 mutants increase titer of 9~ -defective

Titer of T4 infection particles in in vitro complementa-
tion of phage 9 -particles with full-length gp9 and its C-
truncated fragments

Titer of phage particles
(plaque forming units/ml)

Recombinant
protein

— (negative control) (1.5£0.5) - 108

Full-length gp9 (6+0.4)-10"

CAd (5.5+0.5) - 10"
CAS (5.0 £0.3) - 10"
CA6 (4.340.2) - 10"
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particles in in vitro complementation assay (table), but
their trimers lose resistance to SDS (Fig. 3b, lanes 3 and
4). The different degree of stability of trimers depending
on deletion length is apparently determined by interac-
tions between monomers within a trimer. According to X-
ray data, Gly285 (the fourth amino acid residue from the
C-terminus) makes a hydrogen bond with Thr178 of a
neighboring monomer, I1e284 (the fifth amino acid residue
from the C-terminus) has hydrophobic interaction with
Thr205 of a neighboring monomer, and GIn282 (the sev-
enth amino acid residue from the C-terminus) makes two
hydrogen bonds with Leu203 and Thr205 of a neighboring
monomer in the wild-type protein [3]. In the case of the
CA4 mutant, disruption of one hydrogen bond (between
Gly285 and Thr178 of the adjacent monomer) with preser-
vation of other interactions between monomers is not
essential for assembly of stable trimer. In the CAS5 and CA6
mutants, additional disruption of hydrophobic interaction
between I1e284 and I1e205 leads to loss of resistance of
their trimers to SDS. Deletion of the last seven C-terminal
residues, up to GIn282, results in the formation of
monomer that completely loses the ability to trimerize
(Fig. 3b, lane 5). Therefore, the C-terminal GIn282-
Gly285 segment, which is a part of B-strand [3], is essen-
tial for assembly of stable, SDS-resistant gp9 trimer.

Mutagenesis of GIn282 in the gp9 molecule. We have
carried out 3’'-end mutagenesis of gene 9 by PCR using
primers containing random nucleotide substitutions.
Plasmid vectors for expression of mutants with substitu-
tion of GIn282 to other amino acid residues have been
constructed. Amino acid residue substitutions were iden-
tified by DNA sequencing of mutated gene 9. Single point
mutants were tested in in vitro complementation assay
and analyzed by electrophoresis under denaturing condi-
tions to study SDS-sensitivity of their trimers. It was
found that substitutions of GIn282 to Ser, Cys, Ile, Leu,
and Ala did not affect the assembly of functionally active
trimers (data not shown). Since trimers of all these
mutant proteins were SDS-sensitive, it is possible to con-
clude that GIn282 together with other C-terminal amino
acid residues (Ile284 and Gly285) influences the interac-
tion of monomers within a trimer.

Along with soluble point mutants described above,
two insoluble mutants have been revealed. Proteins with
substitution of GIn282 to Pro or Arg were expressed in the
form of inclusion bodies under the same conditions
(37°C). The picture of fractionation of E. coli cells pro-
ducing mutant proteins with GIn282—Pro and
GIn282—Arg substitutions at 37°C is present in Fig. 4.

As shown in Fig. 4, the proteins are in the pellet frac-
tion. Decreasing expression temperature to 25°C resulted
in production by E. coli cells of soluble proteins. Similar
to point mutants listed above, they assembled into func-
tionally active, but SDS-sensitive trimers. Thus, GIn282
apparently influences not only degree of association of
polypeptide chains within trimer, but also protein folding.

BIOCHEMISTRY (Moscow) Vol. 73 No. 9 2008
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Fig. 4. SDS-PAGE (12%) analysis of wild-type gp9 and its mutants with GIn282—Pro and GIn170—Pro; GIn282—Pro; GIn282—Arg sub-
stitutions designated as su-Pro, Pro, and Arg, respectively, after expression at 37 and 25°C (temperature of expression is indicated under lanes),
and fractionation of cell extract to supernatant (s) and pellet (p). The arrow shows the gp9 monomer.

As mentioned above, GIn282 makes hydrogen bonds with
Leu203 and Thr205 of a neighboring monomer within the
trimer. This suggests that substitution of GIn282 to posi-
tively charged Arg or Pro results in change of chain direc-
tion, whereupon it cannot fold quickly and properly at
37°C and thus aggregates into inclusion bodies. On
decreasing temperature to 25°C polypeptide chains with
these mutations obviously have time to fold properly and
assemble into functionally active trimer. We have assigned
GIn282—Pro and GIn282—>Arg mutations to the so-
called tsf~-mutations (temperature sensitive for folding).
Protein, which has the additional GInl70—Pro
mutation together with GIn282—Pro substitution, has
been revealed during analysis of single point mutants.
Different from single point mutant with GIn282—Pro
substitution, double (GIn282—Pro, GInl170—Pro)
mutant was produced by E. coli cells at 37°C in soluble
form (Fig. 4). Since an additional mutation eliminates
the effect of #sf~mutation, we have related it to su-muta-
tion (suppressor) suppressing the temperature sensitive
effect of GIn282— Pro substitution. We have constructed
a vector for expression of gene 9 coding mutant with
GIn170—>Pro substitution. It was found that
GIn170—Pro substitution in itself does not affect assem-
bly of stable, SDS-resistant trimer. However, in combina-
tion with #sf~mutation it efficiently recovers productive
protein folding at 37°C and results in assembly of soluble
product. Testing of su-mutant in in vifro complementa-
tion assay has shown that the protein is a functionally
active trimer, but it is SDS-sensitive similar to single point
mutants described above. According to structure, GIn170
makes hydrogen bonds with Glul76 and Lys277 of a
neighboring monomer. It might be supposed that substi-
tution of GIn170 to positively charged Arg, probably as in
the case of GIn282—Pro substitution, redirects a
polypeptide chain and in that way prevents from its self-
association leading to formation of inclusion bodies. It is
probable that fsf~-mutations observed by us destabilize
thermolabile intermediates of gp9 folding and assembly,
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and su-mutations on the contrary stabilize them. Similar
type (tsf and su) mutations have been identified and char-
acterized for tail spike protein of phage P22 [11, 12], fold-
ing of which has been intensively studied by various meth-
ods within the two last decades.

Summarizing the data described above, we conclude
that gp9 trimerization occurs post-translationally and the
C-terminal part is essential for proper folding of the
polypeptide chain and following oligomerization result-
ing in the formation of stable SDS-resistant trimer.
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