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Abstract

L-B-(Thieno[3,2b]pyrrolyl)alanine and LB-(thieno[2,3b]pyrrolyl)alanine are mutually isosteric and phar-
maceutically active amino acids that mimic tryptophan with the benzene ring in the indole moiety replaced
by thiophene. Sulfur as a heteroatom causes physicochemical changes in these tryptophan surrogates that
bring about completely new properties not found in the indole moiety. These synthetic amino acids were
incorporated into recombinant proteins in response to the Trp UGG codons by fermentation in a Trp-
auxotrophicEscherichia colihost strain using the selective pressure incorporation method. Related protein
mutants expectedly retain the secondary structure of the native proteins but show significantly changed
optical and thermodynamic properties. In this way, new spectral windows, fluorescence, polarity, thermo-
dynamics, or pharmacological properties are inserted into proteins. Such an engineering approach by
translational integration of synthetic amino acids with a priori defined properties, as shown in this study,
proved to be a novel and useful tool for protein rational design.

Keywords: UV absorbance; fluorescence; bioincorporation; protein engineering; thia-surrogates of tryp-
tophan

The immense functional diversity of naturally occurring nonical amino acids could deliver novel properties into ex-
proteins is based on the simple concept of varying the comisting protein structures. An a priori design of proteins with
bination of the 20 canonical amino acids in polypeptidedesired properties such as altered spectral windows or phar-
chains. In this context, the possibility of artificially expand- macological activities should be feasible if some of the
ing this diversity by in vivo protein synthesis is a challeng- coded (i.e., canonical) amino acid chromophores are ex-
ing and attractive goal because newly incorporated noncachangeable with noncanonical ones in template-directed
protein synthesis.

For the in vivo translational incorporation of a variety of
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ried, Germany; e-mail: budisa@biochem.mpg.de; fax.: +49—89—8578—3516(.)p(_3d that is .based Of? the use of auxotroFﬂﬁucherlchla
3present address: University of Virginia, Department of Pharmacology Coli host strains submitted to strong selective pressure (se-

Jordan Hall, P.O. Box 800735, 1300 Jefferson Park Ave., Charlottesvillqective pressure incorporation' SPI) (Budisa et al. 1995
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Abbreviations:AxV, annexin V; b¥, pseudo wild-type barstar (b*CA0A/ 1998a, 1999; Ross et al. 1997). It enables the expansion of

C82A/P27A/W38F);e,,, molar extinction coefficientAH,,, van't Hoff en-  the scope of protein biosynthesis, primarily because the
thalpy of unfolding; IPTG, isopropylthi@-D-galactoside; NMM, New Mini- main principle of this basically in vivo methodology is
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[3,2]Tpa, B-(thieno[3,2b]pyrrolyl)-L-alanine; [2,3]Tpa,B-(thieno[2,3b]pyr- der stringent fermentation conditions. Tryptophan repre-
rolyl)-L-alanine; b, molar dichroic ellipticity; p]r, residual dichroic ellip-  sents an attractive target for such replacements because it is
ticity. . .

Article and publication are at http://www.proteinscience.org/cgi/doi/ th.e main source of the absorptlon a'_"d ﬂuoresqence of pro-
10.1101/ps.51601. teins. Moreover, occurrence of Trp is rare as it represents
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only about 1% of all residues of globular proteins (McCaul
and Ludescher 1999), and thus it may well provide a quasi

site-specific intrinsic probe for studying protein structure,| A) Tryptophan (1) and its thieno-surrogates (2,3)
dynamics, and function. Apart from its role as a basic build-

ing block in ribosome-mediated protein synthesis, Trp plays
an essential role in the metabolism of living cells, as it is | 4
involved in the biosynthesis of hormones such as serotoni N N S N
or melatonin in animals, and of indole alkaloids in plants 1 2 3
(Phillips et al. 1995). Thus, noncanonical amino acids tha
mimic Trp could be of great interest as potential antagonists
drugs, or antibiotics, and their incorporation into proteins
could be a promising approach for production of therapeutic
agents (Budisa et al. 1998b; Minks et al. 2000b).
Tryptophan residues have already been replaced in prc
teins by various noncanonical aza-, fluoro-, and hydroxy-
tryptophan analogs (Soumillion et al. 1995; Ross et al
1997; Minks et al. 1999). In the present study, an additiona Human annexin V Barstar (b*)
expansion of the amino acid repertoire for in vivo protein . .
synthesis was achieved by replacing Trp in model protein:| €) Expression of mutant proteins by SPI-method
with two isosteric sulfur-containing surrogates of TrppL- . L
(thieno[3,2b]pyrrolyl)alanine ([3,2]Tpa) and 3-(thieno[2,3- = i_,_m__i nl : Bl Dkl ML
blpyrrolyl)alanine ([2,3]Tpa), in response to Trp UGG codon- :
containing DNA templates (plasmids) using the SPI methoc =
(Fig. 1).

B) Model proteins with marked replacement sites

1 2 3

D) Mass spectrometric profiles of substituted proteins

Results

Human annexin V and barstar as model proteins

8

A suitable model protein for replacement experiments
should have a known three-dimensional structure and we
established biochemical, biophysical, genetic, and kinetic
properties. In addition, controllable, robust, and efficient
plasmid-directed expression should be available in a suit
able auxotrophic host strain. Barstar, a small bacterial ribo 0 4
nuclease inhibitor, is an excellent model protein for incor- 35800 35850 10200 10250
poration studies because it meets all these criteria: Bot Molecular Mass ( Da) Molecular Mass ( Da)
high-resolution crystal and solution structures are knowr
(Martin et al. 1999), and it undergoes completely reversible
unfolding on either thermal or chemical denaturation. ThusFig. 1. Flow chart for in vivo incorporation of tryptophan aifid(thieno-

s requently used as a model poten or protein fading POV Arts by e 37 Tt 0 o D
stability, and (_jynamlc studies ,(Nath and U_d_gaonkar 1997)é le its noncanonical thia-containing surrogates [2,3]a(d [g,pZ]Tpa
Barstar contains three Trp residues at positions 38, 44, ar@;. (B) Ribbon plots of barstarright) based on its PDB coordinates
53. In the present study, the replacement experiments wei®tartin et al. 1999) with labeled locations of two tryptophan residues, W44
performed using the pseudo-wild-type mutant C40A/C82A/and W53, and side view of the AxV structutieff) with W187 buried in the
P27A/W3SF (b*), which is expressed in the form of inclu- hydrophobic pocket at the_ convex side of the mo!ecule (Huber et_al. 1990).
Figures were prepared with MOLSCRIPT (Kraulis 1990) Analysis of

sion bodies and is refolded into the native form durlng thethe expression profiles in cell lysates©f coli ATCC49980 with overex-

purification procedure (Golbik et al. 1999). This mutant pessed Axv ieft) and b* ight) in the defined minimal medium with Trp
(b*) contains only two Trp residues: W44, which is partially (1), [2,3]Tpa @), and [3,2]Tpa 8). (ni) Noninduced cells;if cells induced
buried, and W53, which is buried completely in the proteinfor protein expression. Arrows indicate position of overexpressed substi-
hydrophobic core (Fig. 1). The latter Trp residue is essentialuted proteins. D) Analytical proof for substitutions by mass analyses of

. . . . . _hative and substituted proteins. Two different electrospray mass-spectro-
for the protein conformational integrity as It cannot be re metric measurements were superimposed at the same mass-&fjle: (

placed by any of 20 canonical amino acids by routine DNA;tve and [3,2]Tpa-AxV;1fght) wild-type and [2,3]Tpa-b*. Experimental
mutagenesis (Nath and Udgaonkar 1997). conditions are described in Materials and Methods.
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B-(Thienopyrrolyl)alanines in proteins

A second model protein that meets the above-mentione 2.4 -
conditions is recombinant human annexin V (AxV), which
is expressed in soluble form under the control of the T5=
promoter/polymerase system. AxV binds in a calcium-de-Z 1.8 -
pendent manner to acidic phospholipid membrane heaf
groups (Huber et al. 1990; Berendes et al. 1993; Lieman ®
and Huber 1997). AxV contains only one, but an essential.*?a,z .
Trp residue (W187) that in the crystalline state can have tw¢ E
molecular conformations: one in which Trp187 is buried in=
the hydrophobic niche of the domain 11 (Fig. 1) and another’s ¢, -
in which Trp187 is completely exposed to the bulk solvent‘g_
(Berendes et al. 1993; Concha et al. 1993). In previoug
studies, we have shown that this residue can be replace () 4
with fluoro-substituted Trp analogs without affecting the
protein structure in solution and in crystals, although the
thermodynamic properties were altered drastically (Minks
et al. 1999). Fig. 2. The growth curves at 30°C of the transformed Trp-auxotrofhic

In the present work, W187 of AxV as well as the two Trp coli strain ATCC 49980 in NMM with different concentrations of L-Trp
residues of b* were replaced by [3,2]Tpa and [2,3]Tpa,and its thia-analogs. The cells were cotransformed with two plasmids:
respectively, using the Trp-auxotropliic coli strain ATCC ampicillin-resistant pQIA-30b* with the gene for pseudo-wild-type barstar

49980 and a T5-based expression system in the context §f¢ kanamycin-resistant pREP4 containing a repressor fgefie(Qia-
gen). Six measured cultures with NMM were supplied with the following

the SPI methodology as outlined in Figure 1. amounts of native substrate ape(thienopyrrolyl)alanines:1) 0.03 mM

L-Trp; (2) 0.015 mM L-Trp; @) 0.015 mM [2,3]Tpa; 4) 0.015 mM

. . . . [3,2]Tpa; 6) 0.015 mM [2,3]Tpa + 0.015 mM L-Trp;6) 0.015 mM
Amino acid toxicity and optimal [3,2]Tpa + 0.015 mM L-Trp. Note that the mixtures of L-Trp with [2,3]Tpa
fermentation conditions and [3,2]Tpa, respectivelys( 6), allow cells to reach stationary phase but

. . . . the overall growth rate is lowered. The growth was followed by measuring
Met-auxotrophicE. coli strains grow in the presence of ihe changes in the Q, by UV spectrometry.

selenomethionine (SeMet) as a sole source for Met in mini-
mal media because of its moderate toxicity for the cells
(Budisa et al. 1995). However, this was not the case with the The E. coli ATCC 49980strain shows typical growth
thia-surrogates of Trp, as shown clearly in Figure 2. Likecurves in the minimal medium with 0.3 mM tryptophan. As
fluorinated Trp analogs that did not support cellular growthshown in Figure 2, the optimal limiting concentration es-
of E. coli ATCC 49980 in our earlier experiments (Minks et sential for successful incorporation of bogh(thienopyr-
al. 1999) and behaved as competitive inhibitors of theirrolyl)alanines is 0.015 mM Trp. This concentration leads to
native Trp counterpart, the growth &. coli strain ATCC  Trp depletion in the culture in the mid-logarithmic phase of
49980 is also strongly inhibited from the beginning of the growth (ODyoy 0.7-1.0), a fact that is almost ideal for in-
fermentation in defined minimal medium that containsduction of protein expression. Thus, the cells were grown in
0.015 mM (3.1ug/mL) of each thia-amino acid as the sole the minimal medium (NMM) with 0.015 mM Trp as natural
source of Trp. To our surprise, when tiie(thienopyr-  substrate (Minks et al. 1999) until its exhaustion, followed
rolyl)alanines were supplied together with Trp in a ratio of by simultaneous addition of th@-(thienopyrrolyl)alanines
1:1 in fermentation experiments (Fig. 2), this mixture al-and target gene induction with IPTG. Under these condi-
lowed cells to grow to the stationary phase; that is, thefions, optimal production of the labeled proteins was
growth was obviously supported even after the Trp supplyachieved in yields comparable with those of the wild-type
was exhausted. These findings showed clearly that in a mixprotein (10-30 mg/L in the case of AxV and 50-100 mg/L
ture with Trp as a supply for cellular growth, the thieno in the case of b*).
compounds are not only well tolerated by the auxotrophic
cells, but are also used to some extent as substrates fg\rnalyti cal characterization and spectroscopic
cellular growth. Thus, the toxicity of these substances mus . .

. Sﬁropemes of the protein mutants
be rather moderate when compared with fluoro-Trp analogs,
but still relatively strong compared with SeMet. Moreover, In routine bioexpression protocols based on the SPI method,
in all fermentation experiments, both [3,2]Tpa and [2,3]Tpaan almost quantitative incorporation of bdsh(thienopyr-
as free amino acids proved to be stable, and despite exposlyl)alanines in AxV and b* was readily achieved (Fig. 1).
sure to aerobic conditions and light for days, a degradatiofo assess incorporation of these amino acids, the fluores-
of this amino acid was not detected. cence profiles of the protein mutants were recorded, because

Time (h)
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replacement of the benzene ring of the indole moiety withl). These data confirm also that thia-analogs once incorpo-
thiophene provides an efficient fluorescence quenching, asated into proteins are stable. This is especially pronounced
shown in Figure 3. Thus, the absence of the characteristim the case of b*, which is refolded under air-oxygen before
Trp emission fluorescence profile was used as a qualitativés purification.
analytical criterion to monitor successful labeling. Con- As expected from the UV spectra of the tf@e(thieno-
versely, for quantitative analysis mass spectrometry wagyrrolyl)alanines (Table 1, Fig. 4A), the optical properties
applied, because the molecular mass difference between Tgd the protein mutants are affected by their incorporation at
and both thia-variants is sufficiently large (6 daltons) to bethe Trp positions. The UV spectra of the AxXV mutants are
determined experimentally. AxV (expected mass: 35,809.210t changed dramatically because of dominant contribution
daltons; experimental value: 35,808 + 2.0 daltons) containsf the Tyr residues to the overall absorbance (Fig. 4C).
only one Trp residue that on replacement with theConversely, in the case of the barstar mutants the UV spec-
B-(thienopyrrolyl)alanines leads to a slight increase in thetral properties of theB-(thienopyrrolyl)alanines are re-
protein molecular mass (expected mass: 35,815.2 daltonfiected fully in the spectra of the mutant proteins (Fig. 4B),
experimental value: 35,814 + 1.0 daltons for [3,2]Tpa-AxV with a blue shift of the absorption maximum (Table 1). Such
and 35,815 + 2.0 daltons for [2,3]Tpa-AxV). The barstarblue shift originates from the hydrophobic environment of
mutant b* (expected mass: 10,214 daltons; experimentahe partially (position 38) and fully buried (position 53)
value: 10,214 + 3.2 daltons) contains two Trp residuesaromaticB-substituted alanines.
thus, the mass differences on substitution are much more
pronounced (expected mass: 10,226.2 daltons; experimental
value: 35,226 + 2.0 daltons for both protein variants) (Fig.Conformational analysis of the protein mutants

in solution

100 The far-UV CD spectra of AxV and its mutants show the

typical pattern ofx-helical proteins with the two character-
istic minima at 222 nm and at 208 nm of similar intensity
(Fig. 5A, inset). The signal ratio between these two minima
([8]R)224([0]R)20g IS [0.96 for the wild-type protein and the
[2,3]Tpa mutant and reduced only slightly for [3,2]Tpa-
AxV (0.95). Similarly, the parent b* mutant and its
[2,3]Tpa-b* analog (Fig. 5A) show almost identical spectra
0 . : ; and signal ratios: §lg)..4/([0]r)20s Of [0.90, whereas for
300 340 380 420 the [3,2]Tpa-b* protein this ratio is increased significantly
(0.97).

The near-UV CD spectrum of wild-type AxV shows the
contribution of the Phe residues with the sharp fine structure
(255-270 nm) of the Tyr residues, with the maximum cen-
tered between 275 and 282 nm, and of the Trp residue with
its maximum around 290 and 305 nm (Minks et al. 1999).
Replacement of the Trp residues in both proteins by the two
B-(thienopyrrolyl)alanines leads expectedly to significant
spectral alterations in the aromatic region that arise mainly
from the intrinsic dichroic properties of the Trp variants. A
comparative analysis of the near-UV CD spectra of Trp and
the B-(thienopyrrolyl)alanines as free amino acids revealed
that the spectra of Trp and [2,3]Tpa are more or less similar
whereas the spectrum of [3,2]Tpa shows a strong positive
band between 280 and 250 nm (data not shown). This is
Fig. 3. Fluorescence emission spectra of native and mutant proteins ofully reflected in the spectra of both mutant proteins and
AxV (top) and b* (potton) excited at 280 nm. (Blue) wild-type proteins; especially for b*, in which the contribution of Trp residues
(vellow) [2,3]Tpa proteins; (red) [3,2]Tpa proteins. The emission profile of tg the overall protein spectrum is dominant (Fig. 5).

AXV revealed tyrosine contribution (witk,,,,, at (307 nm) to the overall In the near-UV, the CD spectra of [2,3]Tpa-containing
protein fluorescence profile, whereas in the case of b* the fluorescence of tei . .I’ to th f th t’ tei Fi
substituted proteins is almost completely quenched when compared witRrOteIns are similar 1o those o e native proteins (Fig.

the native one. Experiments were performed at 20°C as described in Ma2B,C), With .Only small diff_ere_nces in the diCh':OiC intensity
terials and Methods. of the positive bands. This is stronger for wild-type AxV

Fluorescence (a.u.)

Fluorescence (a.u.)

Wavelength (nm)
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Table 1. Molar extinction coefficientse(,) and absorption maxima\(,,,) of L-Trp, [3,2]Tpa,
and [2,3]Tpa as free amino acids in buffered solution and of Annexin V and b* related mutants
produced by Trp replacements

Free amino acitd Annexin \P b* (C40A/C82A/P27A/W38F)
Residue e’ Mg em Nmax £m N nax
L-Trp 5579 + 257 280 21,500 + 931 277 14,920 + 531 280
[3,2]Tpa 5632 + 373 260 21,500 £ 791 277 13,060 £ 197 261
[2,3]Tpa 4897 + 169 241 22,800 + 287 277 10,712 £ 331 250

Experimental conditions are described in Materials and Methods, and related spectra are presented in Fig. 4.
9 Expressed in nnfExpressed in M cmi™®. 3n 50 mM Na-dihydrogenphosphate (pH 8.8n 10 mM TrisCl
(pH 8.0).

than for [2,3]Tpa-AxV (Fig. 5B), but weaker for the parent A comparison of the far-UV CD spectra of all AxV pro-

b* protein than for the [2,3]Tpa mutant (Fig. 5C). teins shows that the overall dichroic patterns are nearly
Conversely, replacing the Trp residues in both proteinsdentical (Fig. 5A), whereas for [3,2]Tpa-b* the spectrum is

with [3,2]Tpa results in drastic changes of the near-UV CDslightly different around 208 nm when compared with na-

spectra (Fig. 5B,C). In the near-UV CD spectrum oftive protein variant. This could be indicative of small

[3,2]Tpa-AxV, these changes dominate the spectral regiochanges in the secondary structure of this mutant. However,

between 250 and 268 nm, whereas between 270 and 290 nime drastic alterations detected in the aromatic region can

the intensities are only slightly decreased compared with thaffect the far-UV CD spectrum without changes in second-

spectrum of the wild-type protein (Fig. 5B). A similar, but ary structure, as was already observed in other systems

more pronounced, effect is observed for [3,2]Tpa-b* (Fig.(Woody and Dunker 1996).

5C), in which the changes could originate from a strong

local alteration of the spatial array of neighboring aromatic.l_hermal denaturation

residues or from the intrinsic spectral nature of the [3,2]Tpa

as chromophore as well as from a combination of bothThermal unfolding of both model proteins is known to occur

effects. However, in the absence of spectral informatioras a two-state transition from native to denatured state (Gol-

from model peptides, any attempt to explain the observedbik et al. 1999; Minks et al. 1999). Compared with the

effects in a more reliable and detailed manner would be toparent proteins, all mutants containing [3,2]Tpa or [2,3]Tpa

speculative. are characterized by lower thermal stabilities (Fig. 6); the
7500 25000
= A 16000 B \ C
2 6000 20000 |
-
= 12000
= 4500 15000
=)
e 3000 8000 10000
=
) 4000 \ 5000
1500 5
= \
0 o 0 0
220 240 260 280 300 320 230 250 270 290 30 330 240 260 280 D0 320 340

Wavelength (nm)

Fig. 4. UV spectra of free amino acid Trp and its thia-surrogates and of native proteins and related m)tditég), and AxV (C)

at 20°C. (Blue) Trp and parent proteins; (yellow) [2,3]Tpa and [2,3]Tpa proteins; (red) [3,2]Tpa and [3,2]Tpa proteins. Note that the
overall spectral shape and intensity of AxV are not significantly affected by substitutions due to the Tyr dominance in the AxV structure
(13 Tyr and only 1 Trp). Native and substituted annexins have an absorption maximum at 277 nm. On the other hand, in b*, with only
three Tyr and two Trp residues, replacements indeed caused significant blue shift in the absorption maximum and changes in overall
spectral shape and intensity. Molar extinctions are calculated for the whole absorption range and are expréssadad\bsorption

maximum values with related,, values are presented in Table 1. Experimental procedures and calculations are as described in
Materials and Methods.
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Fig. 5. Far-UV CD profiles of the parent and substituted &) @nd AxV (inse) protein forms at 20°C determined as described in
Materials and Methods. The mean residual ellipticit]§) is expressed in deg Gidmol. Near-UV CD spectra for native and mutant
proteins at 20°C:K) AxV; (C) b*. The mean molar ellipticity (],,) is expressed in deg camol. (Blue) Spectra of wild-type protein

forms; (yellow) [2,3]Tpa mutants; (red) [3,2]Tpa protein mutants. Note that the differences in the spectral shapes in the far-Uv CD
spectrum of [3,2]Tpa-b* might not be entirely related to changes in secondary structure. Namely, strong alternations in near-Uv CD
of this mutant, as is obvious from pan@) might influence the shape and intensities of far-UV CD spectra, as well.

related T,, values are listed in Table 2. Thereby, the proteins The findings on thermal stabilities agree with the ob-
substituted with [3,2]Tpa not only show the lowest ¥al-  served changes in the near-UV CD spectra of both proteins
ues, but the cooperativity of their unfolding process is alsqFig. 5). The [3,2]Tpa mutants that show significantly en-
affected as indicated by changes in the steepness of thenced dichroism in the near-UV are characterized by
transition profiles (Fig. 6A,C) and consequently by the van'tmarkedly lower T, values and cooperativities than the
Hoff enthalpies AH,,; Table 2). This effect is more pro- [2,3]Tpa mutants (Table 2). Conversely, the higher cooper-
nounced in the case of the barstar mutant, in which replaceativity in unfolding of the [2,3]Tpa mutants would indicate
ment of the structurally critical and buried W53 with an enhanced order of the internal architecture.

[3,2]Tpa possibly provokes local perturbations of the hy-

drophobic environment. Incorporation of [2,3]Tpa residues

into the model proteins leads in both cases to folding coBiological activities

operativities that are even enhanced by almost 15% if com-

pared with the parent proteins (Table 2). It has been obMutants of both proteins are biologically active in our quali-
served previously that isosteric replacements of Met andative activity tests. The barstar mutants inhibit the RNase
Trp are accompanied by rather large differences\ih,,  activity of barnase in standard inhibition assays on RNA
values despite the moderate shifts of thevalues (Budisa agar-containing plates (Golbik et al. 1999) to a similar ex-
et al. 1998a; Minks et al. 1999). tent as the parent variant. Similarly, the AXV mutants are

1286

Temperature (K)

1 d Y-y y
, NPT P
A wt-AxV M A wt-AxV Ay ey A [3.2]Tpa-b* f:;{;'ﬁ
{
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Fig. 6. Thermal denaturing of wild-type and mutant protein forms of A¥A/andB) and barstar@). Fractions of denatured proteins

are calculated from CD data monitored at 222 nm as described in Materials and Methods, and derived thermodynamic parameters are
presented in Table 2. Note that differences in the unfolding transition profiles are lower among wild-type and [2,3]Tpa protein melting
curves, whereas these differences are higher between wild-type and [3,2]Tpa protein forms.
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Table 2. Thermodynamic parameters of the denaturation of the quired the ability to charge all cognate tRNAs with SeMet
wild-type and substituted protein variants of AxV and b* and trifluoroleucine in in vivo biosynthesis. However, in
most cases the amino acid analogs are efficient inhibitors of

Protein variant T, value (K) AT 2 AH,,, (kJ/mol) . -

cellular growth. Thus, to achieve high-level to almost quan-
‘[’;tﬁ]?v oy 332233-77%i%1013 006 7313%93221+1f%87 titative substitutions while avoiding this toxicity problem in

,3]Tpa-Ax .70 +0. -0. 32 +17. .

[3.2] Tpa-AxV 32269 £ 0.03 107 677.06 ¢ 14.1 the context of the SPI met_hod, a_strong aux_otrophlsm of the
wh-b* 337.28 + 0.20 _ 154.14 + 9.51 host.cells, contro!led amino amq supply in fermentation
[2,3]Tpa-b* 335.57£0.23 -1.71 181.90+14.7 media, and a stringent expression system are necessary
[3,2]Tpa-b* 332.45+0.18 -4.83 153.63+9.45 (Budisa et al. 1998b).

Experimental conditions and calculation methods for all unfolding profiles

are described in Materials and Methods, and related curves are presented@hromophores with new spectral windows

Fig. 6. AT, is the difference between,Jof the native and substituted

proteins. Although Trp as the main chromophore in proteins has the

unique advantage of an intrinsic probe, it is less suitable for
investigating protein—protein or protein—nucleic acid inter-
actions because the absorption spectra of nucleic acids over-
lap that of Trp and thus prevent the assignment of the spec-
tral contribution of Trp residues to the total signal output.
Discussion Similar difficulties arise when protein—protein interactions
are investigated because many interacting proteins in mul-
Expression of proteins wit-(thienopyrrolyl)alanines tiprotein_ complexes contain T_rp residues and, thus, _the_ir
by the SPI method gbso_rptmn and fluorescence signals are more or less indis-
tinguishable (Ross et al. 1997).
The main prerequisite for the successful use of the SPI A very common approach to study the functional role of
method is the availability of expression hosts with a stableTrp in proteins is to use site-directed mutagenesis. Thereby,
genotype (i.e., auxotrophism) that is also suitable for transin most of the cases Trp residues are mutated to Phe in an
formations with target plasmids. In addition, optimal plas-attempt to minimize structural perturbations by replacing
mid-directed protein translation when fermented in minimalone aromatic planar moiety with another. However, this
medium should be achieved in terms of a well controllablestrategy is limited because Trp residues are often essential
and stringent expression system. In this study, we couldor the structural integrity and functionality of proteins, as in
show not only that th&. coli strain ATCC 49980 can grow the case of Trp187 in AxV and Trp53 in barstar (Fig. 1), and
robustly in NMM, but also that it is sufficiently stable to therefore cannot be replaced by any of the remaining 19
afford efficient limitation of the cellular growth at the mid- canonical amino acids. Even if such replacements are pos-
logarithmic phase (OR,at about 0.7-0.9). The T5 expres- sible, local structural perturbations could alter the spectral
sion system was found to suppress basal protein expressi@ontributions of the remaining chromophores, as the most
completely before induction (“gene-leakage”), as shown insimilar canonical counterparts Phe or Tyr always bring rela-
Figure 1. Thus, the availability of the proper bacterial hosttively large alterations both in the size and charge.
and expression system together with the experimentally op- By the use of noncanonical Trp analogs, much more
timized fermentation parameters were decisive to achievsubtle alterations are expected that could facilitate interpre-
high-level incorporation, as shown previously by replace-tation of the experimental data by addressing issues such as
ments of Met (Budisa et al. 1995), Pro (Budisa et al. 1998b)spectral overlap, better sensitivity to small perturbations of
Trp (Minks et al. 1999), Phe (Minks et al. 2000a), and Tyrthe environments of substituted aromatic side chains, and,
residues (Minks et al. 2000b) using the SPI method. most importantly, novel spectral windows. To date, five
In expression experiments, the toxicity of noncanonicalnoncanonical analogs of Trp were reported to be incorpo-
amino acids may represent an additional problem. In factrated into proteins: (4-F)Trp, (5-F)Trp, (6-F)Trp, (7-Aza)
all amino acids outside the 20 canonical amino acids ardrp, and (5-OH)Trp (Soumillion et al. 1995; Ross et al.
generally not substrates for cellular growth. Especiallyl997; Minks et al. 1999). All these Trp analogs bring about
those amino acid analogs that are very close to the nativehe lowest possible level of structural alterations, that is,
ones or that display reactive functionalities show the highessingle atom exchanges such as.H or = CH- - — NH-,
toxicity (Liu and Schultz 1999). Exceptions are SeMet (Co-thus providing “atomic mutations” for studying protein
hen and Cowie 1957) and trifluoroleucine (Rennert andolding, activities, dynamics, and stability (Budisa et al.
Anker 1963), which allow Met- and Leu-auxotrophic bac- 1998a; Minks et al. 1999).
terial strains to be fully adapted and grow in their presence With B-(thienopyrrolyl)alanines incorporated into pro-
in minimal medium. Bacteria adapted in this way have acteins, two notable spectroscopic properties are achieved:

able to bind to liposomes in the presence of highef*Ca
concentrations (Berendes et al. 1993).
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altered absorption profiles, at least when the Trp contribu- Keeping this in mind, it is not surprising that in b* mu-
tion is dominant as in the case of the barstar mutant (Fig. 4Xants thermodynamic parameters are changed to greater ex-
and an efficient static fluorescence quenching. Besides theents than in AxV (Table 2, Fig. 6C). Namely, b* residue 44
two B-(thienopyrrolyl)alanines as isosteric analogs of Trpis partially and residue 53 completely buried into the protein
reported in this study, (4-F)Trp was the only known non-interior. Aromatic residues in proteins are often found to
fluorescent Trp analog incorporated into proteins in vivoform a network of three or more interacting side chains, and
(Bronskill and Wong 1988). Thus, the repertoire of “silent” these interactions are supposed to serve as nucleation sites
fluorophores as protein building blocks for in vivo transla- in protein folding pathways and as main stabilizing forces of
tion is increased as needed for investigating protein—DNAhe tertiary structures (Nath and Udgaonkar 1997). In b*,
interactions or multiprotein assemblies. this clustering occurs around Trp53, which is sandwiched
between Phe56 and Phe74. Site-directed mutagenesis
showed that Trp53 is contributing predominantly to the ab-
sorption and fluorescence of barstar upon unfolding (Nath
and Udgaonkar 1997). The near-UV CD spectrum of the
The aromatic amino acids Phe, Tyr, and Trp harbor in theif3,2]Tpa mutant (Fig. 5C) would indicate an exceptionally
chemical structure two properties, hydrophobicity, beingstrong coupled-oscillator interaction between the [3,2]Tpa
composed of hydrocarbon units, and polarity, the ability toresidue and the neighboring Phe side chains. On the other
bind ions through cationsinteractions, that are often con- hand, it is difficult to conceive large structural rearrange-
sidered to be mutually exclusive (Dougherty 1996). Be-ments upon the substitution because it is well documented
cause of these properties, the aromatic residues are genéhat the environment of Trp53 is rigid and devoid of any
ally placed in the interior of proteins or interact with cell flexibility (Nath and Udgaonkar 1997). As expected, the
membranes. For example, Trp187 of AxV is closely packedX-ray analysis of the crystals of @-(selenolo[3,25]pyr-
in the hydrophobic niche of the domain Il (Fig.1), and on rolyl)alanine-containing b* mutant analog fully confirmed
addition of C&" in the presence of lipid bilayers, it under- these observations (detailed X-ray structure of this b* mu-
goes large local conformation changes with insertion intatant will be reported elsewhere).
the membrane (Concha et al. 1993; Sopkova et al. 1994; As in the case of AxV, the differences in the near-UV CD
Liemann and Huber 1997). spectral properties of the barstar variants correspond well
When Trpl187 of AxV is replaced wittg-(thienopyr-  with the unfolding profiles. The [3,2]Tpa mutant is signifi-
rolyl)alanines, the secondary structure of the mutants igantly less stable in terms of Tthan the [2,3]Tpa mutant
identical to that of the parent protein, although the near-UVand even less than the parent b* (Table 1). Taking into
CD spectra differ (Fig. 5B). The differences may originateaccount the dominant role of Trp53 for b* folding and as-
from coupled-oscillator interactions between the aromaticsuming that the local geometry is not changed significantly
side chains as is often observed with other proteins (Woodgn substitution, the packing interactions might be respon-
and Dunker 1999). Indeed, the neighboring Phe194 that is isible for the observed differences. Such reasoning is based
van der Waals contact with the C4 position of Trpl87on the assumption that two isosterically shaped moieties
(Huber et al. 1990) could be involved in such interactions.may occupy a cavity in a different mode because of their
Alternatively, the observed effects could also result justdifferent van der Waals interactions that may exert a strong
from the intrinsic properties of [3,2]Tpa. impact on the protein-restricted internal architecture. Previ-
Both [3,2]Tpa-AxV and [2,3]Tpa-AxV crystallize pref- ous thermodynamic studies on crystallographically isomor-
erentially in the molecular form, in which the mutated sidephous proteins with Met and Trp isosteric analogs con-
chain at position 187 is exposed to the surface (“operfirmed this as well (Budisa et al. 1998a; Minks et al. 1999).
form”), like some other AxV mutants (Berendes et al. 1993)Because both [2,3]Tpa and [3,2]Tpa are mutually isosteric,
and rat AxV (Concha et al. 1993) (data not reported). On thehe most conceivable explanation for the differences ob-
other hand, wild-type AxV crystallizes preferentially in the served in related protein mutants might derive from their
“closed form,” in which Trp187 is buried in a hydrophobic differentiated physico-chemical properties. These differ-
core (Huber et al. 1990). Thus, the relatively small differ-ences are caused by the stereochemical position of the sulfur
ences in the unfolding profiles between native AxV andatom relative to the protonated nitrogen in the thienopyr-
mutants could be explained as follows: On unfolding of therolyl moiety. Indeed, theoretical molecular orbital calcula-
wild-type AxV, the indole moiety of Trp187 undergoes a tions indicate that the stabilities of these thienopyrrole po-
transition from a hydrophobic to a water-solvent environ-sitional isomers should differ significantly (Milun and Tri-
ment, while thep-(thienopyrrolyl)alanine residues are al- najstic 1977). Thus, by cotranslational incorporation of
ready in contact with the bulk water. Indeed, it is well these Trp surrogates into proteins, their different properties
known that only buried residues contribute significantly toare transmitted, integrated, and modulated into the struc-
experimental folding parameters (Dill and Shortle 1991). tures of the related mutants.

Structural stability of
B-(thienopyrrolyl)alanine proteins
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Biophysical properties of thieno-surrogates of Trp biological properties analogous to their indole counterpart.
. ) Firstly, these planar systems were not activated in the en-
All benzene-based amino acids (Phe, Tyr, Trp) show strongy matic condensation reaction with serine by Trp-synthase
quadrupole moments that arise from the nonsphericaly gydisa, L. Moroder, and R. Huber, unpubl.). Secondly,
charge distribution; thus, introduction of heteroatoms intog, an, if the related Trp analogs would have been synthe-
these systems results in novel properties not found in thgj;eq probably they would not act as substrates for activa-
parent molecule. For_ example, the _sulfur_atom in thiopheng,y, by tryptophanyl-tRNA synthetase (TrpRS) in protein
has an unshared pair of electrons ip-arbital conjugated 5ngjation. Finally, even changes at the neighboring posi-
with the carbon—carbon double bonds, and, unlike the carjons of the protonated nitrogen of indole were disturbing

bon, nitrogen, and oxygen, it has vacahorbitals in the  hecquse the introduction of an additional nitrogen into the
outer shell and can therefore act as an electron acceptor. The e position 2 leads to (2-Aza)Trp, which is not recog-
fused pyrroles are more permissive to interacting Withnizeq as a substrate for protein synthesis. Conversely, in-
nearby charges with induction of dipoles in the system ag,,qyction of a nitrogen in position 7 of the indole results in

well as additional dispersion forces, polarizabilites, exciplex(7_Aza)-|—rp which is recognized by cellular TrpRS and in-

formation, resonance energy transfer, or with formation Ofoqhorated into proteins. These findings illustrate the uni-

charge transfer complexes. Other properties that differentiyersa| piological significance of the indole imino function

ate them from benzene include enhanced hyperpolarizabil; .4 thus indicate that the indole benzene fing is a much

ity and differences in aromatic delocalization energies (beNpetter target for chemical transformations that might lead to
zene: 36 kcal/mol, thiophene: 29 kcal/mol, thiazole: 25 kcal/biologically interesting isosteric compounds.

mol) (Bird 1985). The biomedical potentials of aromatic systems consisting

It is therefore expected that the replacement of the bengs 4 pyrrole nucleus fused to a thiophene are fully recog-
zene ring of indole with a thiophene results in altered in-

! - X ) nized because of their similarities with indoles (Gronowitz
teractions responsible for the structure of biological macroy; . 1976). Indeed, it is well established that thieno[3,2-
molecules and for mediating processes such as receptofy. . rrole and thieno[2,3)]-pyrrole are bioisosteric analogs
ligand interactions, enzyme—substrate binding, and antigens; e hallucinogen and serotonin agonii\-'dimethyl-

antibody recognition. This was well exemplified in the (v namine (Blair et al. 1999). In this context, a step further
studies of structure-activity relationships with the enzymeq their wider utility in biomedicine could result from their

tryptophan-indole lyase. For [2,3]Tpa g,k value of = incorporation into suitable proteins, because pharmaceuti-
one order of magnitude higher (8.6 "W ~'s™) than that  ayy active substances could convert protein mutants into
of [3,2]Tpa (1.2 x 10M’s™") was determined, and this was | sefy| therapeutic or even diagnostic tools, as proposed re-
attributed to the differences in electronic compositionceny (Budisa et al. 1998b). Namely, recombinant proteins
(Sloan and Phillips 1996). _ that contain such pharmaceutically active amino acids could
It is also not surprising that thiophene-based substanceg o5 specific “shuttles” or even “magic bullets” because of

have attracted widespread interests in material science, gSeir potential ability of selective delivery and targeting in
they may show many useful properties such as improvegho human body (Minks et al. 2000b).
optical transparency or good thermal stability that result

from inductive effects of the electron-rich sulfur (Kothakota _ . .
et al. 1995; Breitung et al. 2000). The rather unusual opticafSecond code” and “tailored-to-fit” proteins

and thermodynamic properties of the proteins containingry,. expansion of an amino acid repertoire in vivo is cer-
B-(thienopyrrolyl)alanines may therefore be Dbetter ex-5iny 4 novel form of protein engineering, as such “new”
plained ano_l understood _|f more information from Su'tableprotein engineering is not performed by classical codon ma-
model peptides was available. nipulation at the DNA level (oligonucleotide-directed mu-
tagenesis), but rather by codon reassignment at the level of
ribosome-directed protein translation under efficient selec-
tive pressure. Moreover, at the level of the genetic code
Bioisosteres are isosteric molecules that have near-equtiese codon reassignments represent new possibilities to
shapes and volumes, approximately the same distribution afain an additional (“second”) coding level in template-di-
electrons, and show similar or antagonistic properties irrected protein synthesis, as outlined in Figure 7. The poten-
biological systems. Such compounds are found abundantlials of this approach are rather novel possibilities for ratio-
in nature, such as, in alkaloid-bearing plants (Burger 1991)nal approaches in design and engineering of proteins “tai-
We have attempted to produce the indole isosteres in whiclored-to-fit” for specific purposes, as synthetic amino acids
the imino group of the indole moiety is replaced with otherbuilt into proteins may generate desirable new physico-
heteroatoms (sulfur or oxygen). Unfortunately, these experiehemical properties, functions, and functional relationships
ments resulted in compounds that did not predictably retaitranscending those found in nature.

Chemistry and pharmacology of thienopyrroles
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The basic Coding Basic building Translational
set of rules levels blocks products

“Second*
coding level

L—B—(Thienopyrrolyl)alanine  “Tailored-to-fit* Protein (Alloprotein)
side chains

/

The genetic
code “First“
coding level L-Tryptophan side chain Native (Parent) Protein

HN,_ 2

Fig. 7. Schematic representation of the basic principles behind the “tailored-to-fit" protein production. The genetic code as a basic set
of rules in the template-directed protein biosynthesis prescribes which codon (or codon family) is assigned to which amino acid. This
is exemplified here by a UGG codon, which in ribosome-mediated protein synthesis is a signal for the canonical (coded) amino acid
Trp. However, in the context of SPI methodology it is possible to accommodate (reassign) additional noncanonical amino acids into
proteins as a response to a UGG codon. This possibility is labeled here as the “second” coding level in the frame of universal genetic
code, achieved under the strictly defined experimental conditions. Because the proteins expressed in this way contain artificial amino
acids (i.e., not usually found in nature), they are named “alloproteins” (Koide et al. 1988). In the context of rational protein design they
can be regarded as “tailored-to-fit,” as they are created with tailored functions capable of performing specific roles in user-defined
environments.

The SPI method can fairly be said to have emerged as thgrain from ATCC (catalog number 49980 [genoty[éP2 uvrA)
method of choice for such a purpose because, being gerved as host for expression experiments with AxV and b* as

; P ; . odel proteins. Transformed host cells ATCC49980 were grown
strictly in vivo approach, it has at least two advantages: (1 n NMM (Budisa et al. 1995, Minks et al. 1999), which contains 22

a h_|gh Ievel_ of protein produptlon (usually comparable toy KH,PO,, 50 mM K,HPQ,, 85 mM NaCl, 7.5 mM
native proteins) and (2) the simplicity of the methodology. (NH4),SO,, 1 mM MgSQ, 20 mM glucose, lug/mL C&*, 1
It is therefore a reasonable alternative to various in vitro;xg/mlE_Fez+, 0.001 pg/mL trace elements (CU, Zn**, Mn*",
approaches because it should make possible industrial-scdf#°0a™), 10 wg/mL thiamin, 10.g/mL biotin, and the appropriate

. : : ntibiotics (100ug/mL ampicillin and 70.g/mL kanamycin). The
production of protein mutants. However, at this stage 01x:tock solutions (10 mg/mL) of both thia-analogs were kept in the

development only a relatively low number of noncanonicalyark at ~20°C and routinely used for expression and incorporation
amino acids can be incorporated in a residue-specific marat a concentration of 0.25 mM (50 mg/L) without special precau-
ner (Budisa et al. 1999), which has certainly impeded widetions. The color of the culture after overnight fermentation with

practical promise of the SPI method in the field of proteinthi*""&"?";‘lk)@lS rema}inedffgint yed”O\'N“ki nrtl)_rmal Trp-f?ntlain_ing cul-

engineering and design. To break through these limits, anff'™® Withoutany sign of degradation gi{(thienopyrrolyl)alanines.

future development of the method should include further ) )
genetic changes in the host cell genome, that is, the engfF€rmentation and expression of _
neering of the protein translation components, presumabl$-(thienopyrrolylalanine-containing proteins
including aminoacyl-tRNA synthetase and optimization of All fermentation and expression experiments were performed in
the codon usage prescribed by the genetic code. NMM. Thereby, a T5 promoter/polymerase expression system in-
ducible with IPTG was used (Qiagen). The protein expression host
E. coli ATCC49980was routinely cotransformed with two plas-
mids: ampicillin-resistant pQE-60-PP4 harboring the AxV gene
sequence Ncd-Hindll fragment) under the control of T5 pro-
moter, and kanamycin resistant pREP4 containing a repressor gene
Chemicals, expression host strain, and growth media lacl® The plasmid with the gene for b* was constructed as follows:
an EcoRI-Hindlll fragment from pKK223-3 plasmid (Pharmacia)
The noncanonical amino acids [2,3]Tpa and [3,2]Tpa were enzyeontaining a ribosome binding site and the b* (C40A/C82A/P27A/
matically synthesized according to protocols described elsewheré/38F) DNA sequence was inserted into the pQE-30 vector (Qia-
(Phillips et al. 1995). All other chemicals were purchased fromgen), resulting in pQIA-30b*, which is transformed into the ex-
Sigma or Aldrich unless stated otherwise. Trp-auxotrofhicoli pression host together with pREP4.

Materials and methods
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The incorporation experiments were performed using culturesnodel PFD-350S/350L, was applied and probes were pipetted in
grown in NMM in the presence of 100mg/L ampicillin and rectangular 110-QS Hellma quartz cells with an optical path of 0.1
70mg/L kanamycin and 0.015 mM Trp as the optimal limiting cm. The melting curves of wild type as well as AxV mutants in
concentration of the native substrate at 30°C. The culture fermenPBS were measured (heating rate of 30°/h) by monitoring the
tation after the induction of protein synthesis with 1 mM IPTG was changes in dichroic intensity at 222 nm as a function of tempera-
4 h or overnight at 30°C for AxV and at 26°C for b*. ture change. Thermal unfolding for wild-type b* and its substituted

The mutant proteins of AxV and b* were purified as for the forms was recorded at 222 nm at a protein concentration of 0.2
wild-type forms (Budisa et al. 1995; Golbik et al. 1999). The purity mg/mL using a temperature gradient of 50 °/h as described else-
of the recombinant proteins was checked by SDS-PAGE (Coowhere (Budisa et al. 1998a; Golbik et al. 1999).
massie and silver staining) and HPLC-profile analyses.

Thermodynamic parameters
Analytical and spectroscopic methods o _ _
The midpoint of denaturation (melting temperaturd grvalue) as

well as the van't Hoff enthalpyAH,,) were determined using
essentially the same methods reported previously (Golbik et al.

The quantitative replacement of the native Trp residues by itst999; Minks et al. 1999).
noncanonical thia-containing surrogates ([3,2]Tpa and [2,3]Tpa)

was confirmed routinely by electrospray mass spectrometric analy- . .

ses (ESI-MS) as described earlier (Budisa et al. 1995). Biological assays

Both native and substituted AxV and b* were tested quantitatively
for their biological activity. b* and its variants were tested for

UV-absorption spectra of proteins and amino acids in buffer S’O_lnhlbltory activity against the barnase (Golbik et al. 1999) whereas

lutions were routinely recorded with a Perkin-Elmer Lambda 17AxV and its mutants were tested for the ability to bind effectively

UV/VIS spectrophotometer. Extinction coefficients for native and at phospholipid-containing membranes in the presence of high

. . . - & .~ calcium concentrations (Berendes et al. 1993).
substituted proteins (Table 1) were determined from quantitative ( )

amino acid analysis of the acid hydrolysates (6 M HCI, 24 h,
110°C). Extinction coefficients for the amino acids in the zwitter-
ionic form (Table 1) were determined in 50 mM sodium dihydro-

gen phosphate (pH 8.0) at concentrations of @80for L-Trp, 82 We thank Mrs. Elisabeth Weyher for the mass spectrometric analy-

Mass spectrometry

UV/VIS spectroscopy
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