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SUMMARY: Infrared spectra of E. c¢oli strain JM103 and transformants which
overproduced recombinant proinsulin have been measured as a function of
pressure up to 38 kbar. It is the first time that high-pressure infrared
spectra of live bacteria have been successfully measured. In ambient
conditions, spectra of the host strain JMI03 and the transformants are
generally identical. However, under pressure, distinct shifting pattern can
be observed in specific spectral parameters of transformants, presumably due
to accumulation of proinsulin in form of cytoplasmic inclusion bodies. In
particular, the pressure-induced frequency shift of the amide III band (1235
cm™l) in the proinsulin-producing transformants is much smaller than in the
host JM103., This pressure effect can potentially be an efficient approach to
monitor maximum gene expression in microorganisms., Contrary to predictions
based on model system, the pressure-induced denaturation and the sharp
transition from disordered liquid crystalline state to the ordered gel state
commonly observed in the aqueous solution of protein and aqueous bilayer
dispersion of lipids, respectively, do not occur in the bacterial proteins and
cell membrane of E. col<. © 1987 Academic Press, Inc.

It has been found recently (1) that the rapid degradation of human
proinsulin synthesized in E. ¢oli by recombinant DNA techniques can be
prevented by inserting a DNA sequence encoding a short homooligopeptide, such
as (Ala)e, (Asn)e, (Cys)7, (Gln)7, (His)G, (Ser)6 and (Thr)g, at the 5' end of
the proinsulin gene., The expressed polypeptide is then accumulated as
cytoplasmic inclusion bodies, with the yield of proinsulin ranging between 6%
and 267 of the total bacterial protein.

For large scale production of proinsulin, an efficient method for
direct determination of maximum gene expression and detection of any
biological contamination would be important economically. However, the
established procedures of radioimmunoassay and SDS-polyacrylamide gel electro-
phoresis are time—consuming, and therefore inappropriate as a monitoring
process, In a different approach, we have carried out a series of high
pressure infrared spectroscopic studies on E. coli strain JM103 and the

transformants which produce proinsulin fused with either a (Asn)6 or a (Ala)6
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leader, This was a first attempt to measure infrared spectra of live cells in
water as a function of pressure. Spectra of excellent quality have been

obtained.

EXPERIMENTAL

The sources of the materials, the method of production of fused
proinsulin and the analysis of the proinsulin contained have been described
previously (1).

E. coli pellets were obtained after centrifuge from culture
medium, The bacterial pellets were placed together with powdered oa—quartz in
a 0.37 mm diameter hole on a (.23 mm thick stainless steel gasket mounted on a
diamond anvil cell as described previously (2). Pressures on the samples were
determined from the 695 cm™! infrared absorption band of quartz (2).
Frequencies of this band were obtained from third power derivative spectra,
calculated using a breakpoint of 0.3 in the Fourier domain. Pressures were
calculated from these frequencies according to the expression P(kbar)=a,Av+
azsz, where Av is the measured frequency shift, al=1.2062 and az=0.015164.

Infrared spectra of the samples were measured at 28°C on a Bomem
model DA3.02 Fourier transform spectrometer with a liquid nitrogen cooled
mercury cadmium telluride detector. The infrared beam was condensed by a
sodium chloride lens system onto the sample in the diamond anvil cell. The
spectral resolution was 4 cm™!, and typically 1000 scans were co-added for
each spectrum, Data reduction were performed using software developed in this
laboratory.

RESULTS AND DISCUSSION
Figure 1 shows the infrared spectra of E. ¢oli strain JMI03 (A)
and two transformants containing aggregates of proinsulins fused with either a
(Ala)6 (B) or a (Asn)6 (C) leader. The corresponding resolution—enhanced

infrared spectra have been obtained by third power derivative using a break-
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Fig. 1. Infrared spectra of E. coli JM103 (A) and transformed cells

containing proinsulin fused with (Ala)g (B) or (Asm), (C) leader.
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Fig. 2. Resolution-enhanced derivative infrared spectra of E. ¢oli JM103
cells (A) and transformed E. coli containing proinsulin fused with (Ala)6
(B) and (Asn)6 (C) leaders.

point of 0.1 in the Fourier domain (3) (Fig. 2). Most of the infrared bands
in the frequency region shown in Figures 1 and 2 are due to the vibration
modes of the skeletal amide groups and the side chain groups of the bacterial
proteins with the exception of the band at 1664 cwm~! which is due to the
bending mode of water molecules, Tt is clear from Figures | and 2 that the
main features in the infrared spectra of the proinsulin-producing transfor-
mants are generally identical to that of the E. col7? host strain, although
subtle differences in the infrared spectra can still be observed among these
samples, However, the effect of pressure on specific spectral parameters of
the proinsulin-producing transformants is quite different from that of the
E. coli host JM103., The pressure-induced frequency shift of the amide III
band (1235 cm™!l) of proinsulin-producing transformants is much smaller than
that of the E. coli host JM103 (Fig. 3). This pressure shift of the amide
III band frequency is completely reversible in all the three E. ¢oli

samples (Fig. 3; only the reversion results of E. coli host JM103 are
shown).

The amide III band in proteins is mainly due to the C-N-H in-plane
bending vibration and its location in the infrared spectrum is determined by
the conformational structure of protein molecules (4), For a B-sheet
structure this band is generally found in the frequency region 1220-1240 cm~l.
Therefore, the band at 1235 cm™! observed in all E. coli samples at
ambient conditions are due to the amide III band of the B~sheet portions of
the cellular proteins. Frequency of the same band is affected by the strength

of the hydrogen bond on the NH group (5). Obviously, the hydrogen bonds in
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Fig. 3. Pressure dependences of the Amide III band frequencies of E. colt
JM103 cells (A) and transformed cells containing proinsulin fused with (Asn)6
(B) and (Ala)g (C) leaders. Full circles were obtained by reducing pressure.

the bacterial proteins of the EF. coli JMI03 and the proinsulin-producing
transformants responds differently to identical external pressure as
demonstrated by variation of the frequency of the amide IIL band (Fig. 3).

The large difference in the pressure shift of the amide III band,
between the E. coli cells and the transformants overproducing proinsulin
thus provides an efficient technique for on-line monitoring of the production
of recombinant proteins in #. coli. A decrease in this frequency from
1250 em~! to 1240 cm™! at 10 kbar, which can be measured within 10 minutes,
indicates that the genes in the E. coli sample have reached the maximum
expression and the recombinant protein has been accumulated as aggregates.

Two discontinuities in the pressure dependence of the amide III
frequency marked as changes of slope are observed (Fig, 3). The first one is
at about 10 kbar for all three E. coli samples. The second one is in the
pressure range 21-29 kbar. The appearance of these discontinuities indicates
that some structural changes in the protein molecules take place in the F.
coli samples at these pressures. These structural changes are certainly not
originated from the secondary structure of the protein molecules since the
location of the amide III band is quite different among the various conforma-
tional structures of protein molecules (4). They are most likely the results
of the changes in the packing within the hydrogen bond network of the protein
molecules in the cells. These pressure-induced structural changes are
reversible as indicated by the reversible frequency shift of the amide III
band.

Pressure-induced changes in the molecular packing of the proteins in

E. coli cells are further evident from the pressure effect on the
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Fig. 4, Pressure dependences of the frequencies of the methyl bending mode of
the E. coli JM103 (0) and the E. ¢oli containing (Ala)G—fused
proinsulin (+4). Full circles were obtained by reduced pressure.

frequency of the 1457 cm~! band of E. coli JM103 and proinsulin-producing
transformants (Fig. 4; results of a proinsulin-producing transformant are
shown), This band is due to the asymmetric bending mode of the methyl groups
in the side chains of the protein backbone (6). The pressure-induced fre-
quency shift of this band is much smaller than that of the amide III and other
amide (not shown) bands. The two discontinuities in the pressure dependences
of the amide III and other (not shown) frequencies are also observed in the
pressure dependence of the 1457 cm™! band frequency at the corresponding
pressures, The pressure effect of this frequency is also reversible and
exhibits a pressure hysteresis in the second discontinuity at 21-29 kbar
(Fig. 4; only the hysteresis of F. coli JMIO3 are shown), Since the 1457
cm~! band is due to the methyl bending mode of the methyl groups in the side
chains, its frequency is not affected by the conformational structure in the
protein backbone, and thus the pressure-induced changes in the frequency of
this band is solely the result of changes in the interactions of the methyl
groups with the neighboring functional groups within or between the protein
molecules in the cells. Consequently, the discontinuities in the pressure
dependence of this frequency indicate that the linear pressure effect on the
interactions of the methyl side groups is interrupted at these discontinuities
as a result of changes in the molecular packing. The changes in the packing
of protein molecules relax completely as pressure is released. However, the
relaxation of the second packing-change in the pressure range 21-29 kbar is
much more sluggish than the first one at 10 kbar for all the E. coli
samples which is shown by the pressure hysteresis of the frequency shift at
the second transition (Fig. 4; only the hysteresis of E. coli JM103 is
shown), This changes in the molecular packing of proteins are presumably
arising from the pressure-induced volume change of the internal cavities (7).
It is well known that pressure usually induces an irreversible

denaturation of proteins in the pressure range of 5 kbar (8). This pressure-

236



Vol. 146, No. 1, 1987 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

28757 — o
+ ~
e
28701 e 2
— +/ ‘+ ./
! P
= 2865 j+;:///// .
: .
Q 28601 20 ° |
E + ‘ocg8o
2 —+//}£/+
D 2885{ 4180 o
x 9&&00
oe
2850
2 4 e 1 U
8 50 5 10 15 20 25 30 35 40

PRESSURE, KBAR

Fig. 5. Pressure dependences of the frequencies of the methylene CH
symmetric stretching mode of Z. coli JM103 (0) and the transformants
containing (Ala)e—fused proinsulin (+). Full circles were obtained by reduced
pressure.

induced denaturation results in a permanent change in the secondary structure
of protein molecules, It is interesting that no such irreversible denatura-
tion of protein molecules is induced by pressure in E. coli cells.
Pressure can only induce some reversible changes in molecular packing of
proteins in the cells.

Figure 5 shows the pressure dependences of the frequencies of the
2852 cm~! band for E. coli JM103 and transformants which produced fused
proinsulines (of the two proinsulin-producing transformants, only the results
of the E. coli with (Ala);-proinsulin are shown in Fig. 5). This band is
due to the symmetric stretching of the methylene groups of the lipid molecules
in the cell membranes. The frequency of this band at ambient temperature and
pressure is at 2852 cm~! for all E. coli samples, which is the character-
istic frequency for biomembrane lipid in the liquid crystalline state (9).
The pressure shift of this band in the transformants containing (Ala)G—fused
proinsulin is slightly larger than that in E. coli JM103 sample. This
suggests that the packing of the lipids of cellular membrane is slightly
tighter in the transformants bulging with the recombinant protein. In model
biomembranes, a transition from the liquid crystalline phase to the gel phase
is usually induced by external pressure and the frequency of the CH2 stretch-
ing band of the membrane lipids decreases sharply at the transition pressure
(9-11). This discontinuity is not observed in the E. coli samples
(Fig. 5) and thus the pressure-induced sharp transition from the
liquid crystalline phase to the gel phase in the model biomembrane systems
does not actually occur in the biomembranes of E. coli bacteria.
Presumably the pressure-induced conformational ordering of the lipid chains in

the cell membranes of F. coli does not take place.
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