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Fluorinated Coiled-Coil Proteins Prepared In
Vivo Display Enhanced Thermal and Chemical
Stability**

Yi Tang, Giovanna Ghirlanda, Wendy A. Petka,
Tadashi Nakajima, William F. DeGrado, and
David A. Tirrell*

Incorporation of noncanonical amino acids provides a route
to proteins and peptides with unique structural and chemical
features.l'! Functionality orthogonal to that of the naturally
occurring amino acids, including alkenes,? alkynes,? aryl
halides,*! and electroactive side chainsl®! has been incorpo-
rated efficiently into proteins prepared in bacterial cultures.
We present here a general approach to the stabilization of
leucine-zipper peptides and coiled-coil proteins by incorpo-
ration of the hyperhydrophobic leucine (1) isostere trifluoro-
leucine (Tfl, 2). Trifluoroleucine was reported more than 30
years ago to support bacterial cell growth and to be
incorporated into nascent proteins in the absence of leucine.[*!
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Leucine-zipper domains form coiled-coil structures com-
prising generic heptad repeats designated abcdefg, where the
d positions are occupied predominantly by leucine residues.[”!
Our work was motivated by the conjecture that replacement
of leucine with Tfl at the d positions of the heptad repeat
should stabilize the coiled-coil dimer with respect to thermal
and chemical denaturation. The choice of trifluoroleucine was
based on several factors, the most important of which is the
observation that many fluorocarbons behave as though they
are more hydrophobic than their hydrocarbon analogues.®!
Trifluoroleucine has been reported to be activated and
charged by the E. coli leucyl tRNA-synthetase (LeuRS) and
can be incorporated into recombinant proteins produced in
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vivo.l®! Finally, the trifluoromethyl group is chemically inert
and nearly isosteric to the methyl group,! suggesting that
proteins and peptides outfitted with Tfl might adopt folded
structures similar to those of their “wild-type” analogues.
The leucine-zipper protein Al (Figure 1a) was used as a
test protein in assays for incorporation of Tfl and hexafluoro-
leucine (Hfl, 3).'7 The design of this protein has been

Al MRGSEHHHHHHGSMA, SGDLENE FACLERE VRSLEDE
AANLEGE WSRLENE IEDLAEl GOLMHNTSSRRPALKLN

B 1 2 3 4 3

- .

Figure 1. A) Amino acid sequence of Al. The leucine positions are bold.
B) Western blot analysis of Al expression. Cultures were supplemented
with leucine or with one of the analogues Tfl or Hfl. Lane 1: uninduced
sample; lane 2: induced sample without supplementation; lane 3: induced
sample supplemented with leucine (150 um); lane 4: induced sample
supplemented with Tfl (220 um); lane 5: induced sample supplemented
with Hfl (170 pv).

discussed previously;!'” the primary sequence contains eight
leucine residues, of which six are distributed at the d positions
of the six heptad repeats. The capacity of each of these amino
acids to support protein synthesis was determined by induc-
tion of gene expression in leucine-free culture media supple-
mented either with Tfl or with Hfl. Accumulation of the target
protein was visualized by western blotting as shown in
Figure 1b. As expected from previous results,® ' Tfl (lane 4,
Figure 1b) clearly supports protein synthesis, although the
yield of protein is reduced in comparison to that obtained
from leucine-supplemented medium (lane 3, Figure 1b). In
contrast, Hfl (lane 5, Figure 1b) does not support measurable
protein synthesis under the conditions examined in this work
as shown by comparison with negative controls (lanes 1 and 2
Figure 1b). The increased electrophoretic mobility of the
fluorinated protein (cf. lanes 3 and 4, Figure 1b) has been
observed previously for other fluorinated proteins produced
by similar methods.["'?]

To control the level of substitution of leucine by Tfl, we
varied the concentration of leucine in the medium, while
keeping the concentration of Tfl (as the D,L mixture) at
550 um. The concentration of leucine ranged from 0 to 330 um
(as the r-amino acid). The extent of replacement was
determined by amino acid analysis of the purified proteins.
We also performed matrix-assisted laser desorption ionization
(MALDI) mass spectrometry on the protein products; in each
case, the most intense signal in the mass spectrum corresponds
closely to the substitution level calculated from amino acid
analysis.

The results are shown in Table 1. The extent of leucine
replacement decreased from 92 % in medium supplemented
only with Tfl, to levels below the limit of detection in medium
supplemented with 330 um L-leucine. We were not able to
reach 100% incorporation of Tfl, even in the absence of
added leucine, possibly due to trace amounts of leucine
liberated by cellular protein degradation. Protein yield
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Table 1. Wild-type and fluorinated proteins produced in vivo.

Protein [Leu] in Yield %Tfl by MALDI massl
culture [pm]! [mgL-Y] AAAD (Tl sites)

Al1-WT 330 40 0 8307.9 (0)

FA1-17 114 27 17 8361.2 (1)

FA1-29 83 25 29 n.d.4

FA1-79 23 21 79 8631.9 (6)

FA1-92 0 20 92 8739.8 (8)

[a] Concentration of L-leucine. The concentration of Tfl in culture was
550 um (D,L mixture). [b] % Substitution determined from the diminution
of the leucine mole fraction by amino acid analysis (AAA). [c] Mass of the
most intense signal in the MALDI mass spectrum. Numbers in parentheses
indicate corresponding numbers of sites occupied by Tfl. [d] n.d.: not
determined.

decreased as the concentration of leucine in the culture
medium was reduced. The yield of A1l obtained from leucine-
enriched medium was 40 mgL~!, twice that from medium
supplemented only with 550 pm Tfl.

The secondary structures of the wild-type protein (A1-WT)
and the variant containing 92 % Tfl (FA1-92) were examined
by circular dichroism (CD) spectroscopy (Figure 2). Both
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Figure 2. CD spectra of Al (e) and FA1-92 (o) at 0°C (10 um protein
concentration, PBS buffer, pH 7.4). 6: molar ellipticity. PBS = phosphate-
buffered saline.

proteins are more than 90 % helical as determined from the
molar ellipticity at 222 nm, and the extent of overlap of the
spectra suggests essentially identical secondary structures.
Equilibrium sedimentation indicated that both peptides
formed stable dimers with dissociation constants <10 puMm.
At high pm concentrations the peptides further associated to
form higher-order species. The data were well described by a
dimer-to-tetramer equilibrium, yielding dimer-to-tetramer
equilibrium constants of 80.5 um and 380.2 um for A1-WT
and FA1-92, respectively.

Previous examples of replacement of d-position leucine
residues in leucine-zipper peptides by other natural amino
acids have all resulted in reduction of coiled-coil stability.['”
The reduction in stability observed in such experiments has
been attributed to the fact that these substitutions are usually
of the “large” to “small” type and cause losses in hydrophobic
packing efficiency.'’] In marked contrast, thermal and chem-
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ical unfolding studies show that fluorinated variants of Al are
highly resistant to denaturation. The “melting temperature”
(T,) of FA1-92 is elevated by 13°C compared to A1-WT
(Figure 3), while the midpoint concentration (C,,) for urea
denaturation for FA1-92 is increased to 7M (vs. 2.8M for Al-
WT) (Figure 4). Surprisingly, proteins with low levels of
fluorination (FA1-17 and FA1-29) exhibit pronounced in-
creases in stability. In FA1-17, for example, the single
substitution of a side chain methyl group by a trifluoromethyl
group results in an increase in T, by 6°C and in C,, by about
2M.
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Figure 3. Thermal denaturation of partially fluorinated Al proteins: Al-
WT (o), FA1-17 (w), FA1-29 (o), FA1-79 (e) and FA1-92 (o) (10 um
protein concentration, PBS buffer, pH 7.4). f: fraction unfolded.
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Figure 4. Urea titration of WT-Al (e), FA1-17 (m), FA1-29 (), and FA1-
92 (0) at 0°C. f: fraction unfolded.

Global thermodynamic fitting was used to obtain the
thermodynamic quantities associated with the monomer-to-
dimer transitions of A1-WT and FA1-92 (Table 2).141 The
intermediate samples (FA1-17 and FA1-29) were not ana-
lyzed in this way because the compositional heterogeneity of
these samples precludes application of a two-state transition
model. It must be emphasized, however, that FA1-92 is also
heterogeneous, since Tfl is incorporated into bacterial pro-
teins as an equimolar mixture of the (25,4S) and (2S4R)
diastereomers.'?l The free energy of folding for FA1-92 is
2.4 kcalmol~! (of monomer) more negative than for A1-WTat
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Table 2. Thermodynamic data for the folding of A1-WT and FA1-92.

Protein T, TP AGe AAGe  AH ACK Curey 00"
10w (Iw)  (37°C) (M) (M) (0°C)

Al-WT 54 103 —10.7 - —70.9 —-252 28

FA1-92 67 116 —-13.1 —2.4 —-77.0 -272 17

[a] Midpoint of the thermal denaturation curve at 10 uM protein concentration
(PBS, pH 7.4). Units for Ty, are °C. [b] Midpoint of the thermal denaturation curve
extrapolated to 1M standard state using non-linear least squares fit. [c] The free
energy of folding at 37°C at 1m standard state. Units for AG® and AAG® are
kcalmol~! of monomers. [d] The enthalpy of folding at the midpoint temperature
extrapolated to 1M standard state; units are in kcalmol~! of monomers. [e] Heat
capacity change upon folding at 1m standard state; units are in calmol 'K~
Uncertainties in T, (1m), AG®, AH,,, and AC, are £1.5°C, 1.2, 4.8 kcalmol ! and
120 calmol~' K, respectively. [f] Midpoint urea denaturation concentration at 0°C

in M of urea.

37°C, which corresponds to 0.4 kcalmol! of stabilization for
each Tfl site localized at the dimer interface. Consideration of
the large numbers of leucine residues packed in the hydro-
phobic cores of many proteins leads to the conclusion that the
additive stabilizing effects of Tfl might in some cases be quite
substantial.

The results reported here show that one can incorporate Tfl
efficiently into proteins produced in vivo, control the level of
incorporation, maintain secondary and higher-order protein
structure, and elevate protein stability with respect to thermal
and chemical denaturation. The implications of these obser-
vations are under investigation.

Experimental Section

Materials: Tfl was prepared in an overall yield of 22 % in seven steps from
p-trifluoromethylcrotonic acid, according to the procedure of Rennert and
Anker with slight modifications.[) Hfl was prepared by modification of the
procedures reported by Zhang et al.'¥] A leucine auxotrophic variant of
E. coli strain mc1000 (F-lacAx74anaD139/(Ana Abioc-leu)A7679 gal U gal
K rspL), designated LAM1000, was provided by Prof. M. J. Fournier of the
University of Massachusetts, Amherst. Expression vector pQEA1, which
contains the Al coding sequence, was obtained from the U.S. Army Natick
RD&E Center (Natick, MA).

Analogue incorporation assay: LAM1000 strains were transformed with
pQEA1 and pREP4 to yield the expression strain LAM1000/pQEA1/
pREP4. Tfl and Hfl were assayed for translational efficiency using a
medium shift technique.’’» Amino acid concentrations after the medium
shift were 1: 150 um; 2: 220 um; 3: 170 pm. Proteins were detected by
western blotting of the whole cell lysate with an antibody specific for the
N-terminal His-Tag of Al.

Protein expression and purification: MOAA medium (1 L) supplemented
with 1 mm MgSO,, 1 mm CaCl,, 0.4 wt% glucose, 1 mgL~! thiamine and
the antibiotics ampicillin (200 mgL~") and kanamycin (25 mgL~!) was
inoculated with 10 mL of fresh overnight culture (M9) of the expression
strain. After the culture had grown to ODyy of 1.0, the medium shift
procedure was applied. The cell pellet was then resuspended in 1 L M9
medium supplemented with Tfl (550 um) and leucine in appropriate
concentrations (Table 1). IPTG (1 mm) was added after 10 min to induce
protein expression. Cells were collected after 3 h by centrifugation (5000 g,
15 min, 4°C). The pellets were resuspended in Buffer A (20 mL; 8M urea,
0.1m NaH,POy, 0.01m Tris, pH 8.0) and stored at —80°C overnight. The
cells were thawed rapidly at 37°C, cell debris was sedimented (22500 g,
50 min, 4°C), and the supernatant was applied to a Ni-NTA column (1 x
5 cm). The column was washed with 25 mL portions of Buffer A at pH 8.0,
6.5 and 5.9, sequentially. The target protein was eluted at pH 4.5.

Protein characterization: Ultracentrifugation and circular dichroism anal-
yses were performed as described previously.'> 4 Analysis of CD thermal
melting data was performed according to a previously described procedure
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using a two-state model.'¥l For A1-WT, the concentrations used for curve
fitting were 10 and 100 pm, while concentrations of 2 and 100 pum were used
to fit data for FA1-92. The thermodynamic quantities 7, AH,,, AC, and K,
were parameters of the fitting procedure and are reported in the 1m
standard state (Table 2).
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