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ABSTRACT: In a systematic study of V gene families carried out with consensusd . domains alone

and in combinations in the scFv format, we found comparatively low expression yields and lower
cooperativity in equilibrium unfolding in antibody fragments containingddmains of human germline
families 2, 4, and 6. From an analysis of the packing of the hydrophobic core, the completeness of charge
clusters, the occurrence of unsatisfied hydrogen bonds, and residues wjtstowet propensities, positive

@ angles, and exposed hydrophobic side chains, we pinpointed residues potentially responsible for the
unsatisfactory properties of these germline-encoded sequences. Several of those are in common between
the domains of the even-numbered subgroups, but do not occur in the odd-numbered ones. In this study,
we have systematically exchanged those residues alone and in combination in two different scFvs using
the V6 framework, and we describe their effect on equilibrium stability and folding yield. We improved
the stability by 20.9 kJ/mol and the expression yield by a factor of 4 and can now use these data to
rationally engineer antibodies derived from this and similar germline families for better biophysical
properties. Furthermore, we provide an improved design for libraries exploiting the significant additional
diversity provided by these frameworks. Both antibodies studied here completely retain their binding
affinity, demonstrating that the CDR conformations were not affected.

Recombinant antibodies are used in an ever increasing Mutations that are important for the biophysical behavior
number of applications from biological research to therapy. can influence either the equilibrium thermodynamic stability,
In addition to exhibiting high antigen specificity and affinity, the aggregation tendency during folding, or both. Mutations
such recombinant antibodies should also be obtainable ininfluencing thermodynamic stability can be involved in many
high yield, have a low tendency to aggregate, and be stabledifferent types of interactions, such as packing of the
against high denaturant concentrations, elevated temperatured)ydrophobic core, secondary structure propensity, charge
and proteases, depending on the requested task. A populainteractions, hydrogen bonding, desolvation upon folding,
format for many of these applications is the single-chain Fv and compatibility with the enforced local structu® 7).
(scFv} fragment, where the variable domain of the heavy Mutations that influence folding efficiency can also be part
chain (W) is connected via a flexible linker to the variable Of this list, as the stability of intermediates is an important
domain of the light chain (M or vice versa {—3). This component. Additionally, however, natural proteins use
format contains the complete antigen binding site and can ‘negative design”§) to avoid aggregation. In its simplest
be expressed in a wide range of hosts, including bacteriaform, this strategy avoids hydrophobic patches on the surface.
(4) and yeast§). While we chose to investigate the effect In the case of antibodies, such hydrophobic patches were
of mutations with scFvs, as their simple structure makes anfound to have almost no effect on the solubility of the native
untangling of domain interactions much easier, differences Protein, correctly defined as the maximal concentration of
in physical properties are also manifest in Fab fragments andtne soluble native proteird). The hydrophobic patches can
whole antibodies, which contain the same domains. have a very dramatic effect on the folding yield and thus
the yield of the functional protein iEscherichia coliwhich
is colloquially but incorrectly often termed “solubility”, as
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isopropylS-p-thiogalactopyranoside; scFv, single-chain antibody frag- interface (0). However, from these studies of domain
ment consisting of the variable domains of the heavy and light chains . . ’ o . .
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of an antibody; V, variable domain of the light chain of an antibody. their interactions11), we can now untangle this system. We
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can thus pinpoint the problem spots, and in this study, we day Ig locus are manifest as germline family specific
provide the evidence that a correction of multiple small differences.
defects indeed leads to a marked improvement of phenotypes. Destabilizing mutations may be highly probable but are
There are three principal mechanisms leading to an selectively neutral as long as the overall domain stability
increased expression yield of soluble proteins: increasingdoes not fall below a certain threshold0f. Conversely,
the total expression level (provided the relative folding yield random mutations resulting in increased thermodynamic
remains constant), increasing the relative folding yield, or stability are highly improbable in the absence of a positive
decreasing the level of degradation by proteases. All threeselection. Consequently, the most frequent amino acid at any
mechanisms can be somewhat influenced by extrinsic factors position in an alignment of homologous immunoglobulin
including the choice of bacterial strain, expression vector, variable domains should be most favorable for the stability
media composition, and expression temperature (summarizedf the protein domain. This method was tested on .a V
in ref 4) and coexpression of periplasmic chaperorie) (  domain, and of ten proposed mutations, six increased the
13). Nevertheless, the major contribution to changes of the stability. Nevertheless, the simplification inherent in this
expression yield of folded protein is due to changes in the approach is that all frameworks are averaged to a single
protein sequence itself. In the case of secreted proteins placedideal” sequence. The different germline genes or frame-
in the same vector, the translation initiation region and the works have an important function for antibody diversity.
beginning of the protein sequence (the signal sequence) ard-irst, framework residues in the outer loop and close to the
identical among different variants. Therefore, sequence 2-fold axis can contribute important interactions to protein
changes are extremely unlikely to influence translation per and hapterantigens, respectively. Second, several frame-
se. Mutations leading to higher thermodynamic stability often work regions can influence the conformation of the CDRs
also decrease the extent of protease digestion of the proteinand thereby indirectly modulate antigen binding. Third,
as thek. coli proteases usually prefer unfolded protein as a different frameworks carry mutually incompatible residues,
substrate. Nevertheless, mutations removing potential cuttingwhich cannot simply be exchanged with those of other
sites forE. coli proteases may also prevent degradation. In frameworks. It follows that family specific solutions are
the case of recombinant antibodies, periplasmic aggregationneeded to create a variety different frameworks with
is probably the major yield-limiting mechanism)( superior properties. In this paper, we provide the basis for
Mutations can influence the efficiency of folding, inde- this approach.
pendent of influencing the equilibrium thermodynamic In this study, we explored a generic approach for improv-
stability of the protein. Side reactions of the folding process ing antibodies for their biophysical properties combining the
often lead to aggregated protein, which is enriched in structure based considerations with our knowledge of the
inclusion bodies. The kinetic partitioning into productive biophysical properties of the germline-encoded V,, and
folding and aggregation can be influenced by mutations either vV, families (11) derived from the Human Combinatorial
increasing the thermodynamic stability of intermediates, e.g. Antibody Library (HuCAL) 1). Since we focus on genes
removing a solvent-exposed hydrophobic residue, or other-with initially germline-encoded sequences, our approach is
wise making the surface less suitable for aggregate growthnot limited to improving individual molecules and thus to
[negative designg)]. In addition, the mutations increasing removing changes introduced by somatic mutations, but
folding efficiency can also indirectly lead to a higher total particularly to problematic residues encoded by different
expression level by preventing the formation of toxic side germline genes.
products, most likely soluble aggregates, which lead to In the case of the ¥ domains, we found that the 3
leakiness of the outer membrane and eventually decrease thgermline family specific consensus domain was the most
viability of E. coli. stable \{; domain, followed by the Wla, Wlb, and \,,5
There are different approaches to finding residues that consensus domains with intermediate stabilities and only little
improve the thermodynamic stability and yield of the soluble or no aggregation-prone behavior.s2/ Vu4, and \,,6
protein of scFvs [reviewed by Wo and Plekthun {)]. domains, on the other hand, exhibited low cooperativity
Previously, most work had concentrated on the optimization during denaturant-induced unfolding, lower yields, and higher
of individual antibodies. If the three-dimensional (3D) tendencies to aggregate. The detailed analysis of hydrophobic
structure of the antibody to be improved is known, a detailed core packing and formation of salt bridges revealed that the
analysis can identify problematic residues, which can then V43 domain had always found the optimal solution while
be exchanged by site-directed mutagenedié—(6). A all other \\; domains had some shortcomings explaining the
second approach uses random mutagenesis followed byhigher thermodynamic stability of \8. Furthermore, with
selection with a bias toward the improvement of the desired the help of a sequence alignment grouped hydémains
property (7—19). The consensus approach as a third with favorable properties (families 1, 3, and 5) and unfavor-
approach?0) uses the sequence information from antibodies able properties (families 2, 4, and 6), residues of the even-
naturally encoded by the immune system. The genes ofnumbered Y, domains were identified and structurally
immunoglobulin variable domains, as is assumed for all gene analyzed which potentially decrease the folding efficiency.
families, have diverged by multiple gene duplications and In this study, we used a structure-based approach exploit-
mutations. Selected genes are further subjected to an acing the knowledge of the biophysical properties of the human
celerated “local” evolution by somatic mutations that opti- germline family specific consensus;\omains {1) and,
mize the capacity of the antibody to bind to antigen structures in addition, resorting to tables of published and in-house
with high affinity, but these mutations are not propagated in selection experiments (A. Honegger et al., unpublished
the germline. In contrast, mutations acquired during the results) to improve the 6 framework as a model. We chose
duplication of the primordial V gene to make the present- the ;6 framework because it shows a somewhat aggrega-
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tion-prone behavior and the lowest midpoint of denaturation, C-terminal His tag, was directly loaded onto an ion exchange

compared to the other human;\omains, indicating that
the V46 domain is the \f domain with the lowest thermo-

column. Elution from the ion exchange column was achieved
with a 0 to 800 mMNacCI gradient. The constructs derived

dynamic stability. These properties were observed with from scFv 2C2 were purified with a HS cation exchange
isolated domains as well as in the scFv format witi3 Y11). column in 10 mM MES (pH 6.0) and those derived from
We used two scFvs containing the,&/ framework which 6B3 with an HQ anion exchange column in 10 mM Tris-
had been selected from the HUCARL): 2C2, binding the HCI (pH 8.0). Pooled fractions were dialyzed against 50 mM
peptide M18 coupled to transferrin, and 6B3, binding sodium phosphate (pH 7.0) and 100 mM NaCl. Protein
myoglobin (see Materials and Methods for details). With site- concentrations were determined with the QDThe soluble
directed mutagenesis and on the basis of our structuralyield was normalizeda a 1 L of bacterial culture with an
analysis, we introduced six mutations (Q5V, S16G, T58I, ODsso of 10.

V72D, S76G, and S90Y) alone and in several combinations, Gel Filtration ChromatographySamples of purified scFvs
which were hypothesized to be independently acting and were analyzed on a Superdex-75 column equilibrated with
individually exchangeable and were also a feature distin- 50 mM sodium phosphate (pH 7.0) and 500 mM NaCl on a
guishing the group of  families with favorable properties =~ SMART system (Pharmacia). The samples were injected at
from the families with less favorable properties. We com- a concentration of &M in a volume of 5QuL, and the flow
pared these mutants to the wild-type scFvs for effects on rate was 6@:L/min. Lysozyme (14 kDa), carbonic anhydrase
folding yield and, independently, the free energy of unfolding (29 kDa), and bovine serum albumin (66 kDa) were used as
as a measure of the thermodynamic stability and determinedmolecular mass standards.

the additivity of these mutations.

MATERIALS AND METHODS
Construction of Expression VectorscFv 2C2 (A. Hahn

Equilibrium Denaturation Experimentsluorescence spec-
tra were recorded at 28C with a PTI Alpha Scan
spectrofluorimeter (Photon Technologies, Inc.). Slit widths
of 2 nm were used both for excitation and emission. Protein/

et al., Morphosys AG, unpublished results) with the human GdnHCI mixtures (1.6 mL) containing a final protein

consensus domains@ and V.3 (CDR-H3, QRGHYGKGY-
KGFNSGFFDF; and CDR-L3, QYYNIPT) was obtained by

concentration of 0.5uM and denaturant concentrations
ranging from 0 ® 5 M GdnHCI were prepared from the

panning against the peptide M18 with the sequence freshly purified protein and a GdnHCI stock solution [8 M,
CDAFRSEKSRQELNTIASKPPRDHVF coupled to trans- in 50 mM sodium phosphate (pH 7.0) and 100 mM NacCl].
ferrin (Jerini GmbH, Berlin, Germany), while scFv 6B3 (S. Each final concentration of GdnHCI| was determined by
Miiller et al., Morphosys AG, unpublished results) with6/ measuring the refractive index. After overnight incubation
and V;3 (CDR-H3, SYFISFFSFDY; and CDR-L3, SYDS- at 10°C, the fluorescence emission spectra of the samples
GFSTV) was obtained by panning against myoglobin from were recorded from 320 to 370 nm with an excitation
horse skeletal muscle (Sigma). Both scFvs were subclonedwavelength of 280 nm. With increasing denaturant concen-
via restriction sitesXba and EccRl into the expression  trations, the maxima of the recorded emission spectra shifted
plasmid pMX7 @1). The different mutations were introduced from ~340 to 350 nm. The fluorescence emission maximum
with the QuikChange site-directed mutagenesis kit from was determined by fitting the fluorescence emission spectrum
Stratagene according to the manufacturer’s instructions.to a Gaussian function and was plotted versus the GdnHCI
Multiple mutations were constructed by exchanging restric- concentration. Protein stabilities were calculated as described
tion fragments using uniqugéba, Xhd, BsaBl, and EcoRlI previously @2, 23). To compare scFv denaturation curves
sites in the antibody. The final expression cassettes consistn one plot, the emission maxima were scaled by setting the
of aphoAsignal sequence, a short FLAG tag (DYKD), and highest value to 1 and the lowest to O to give normalized

the scFv in the M6 domain-(Gly,Ser), linker—V_ domain
orientation, followed by long FLAG tag (DYKDDDD) and
a hexabhistidine tag.

Expression and PurificationThirty milliliters of dYT
medium (containing 3@g/mL chloramphenicol and 1.0%

emission maxima.

Enzyme-Linked Immunosorbent Assay (ELISKjpglobin
from horse skeletal muscle (Sigma) and peptide M18 coupled
to transferrin (Jerini GmbH) at a concentration oftg/mL
in 50 mM sodium phosphate and 100 mM NacCl (pH 7.0)

glucose) was inoculated with a single bacterial colony and were coated overnight at 4C on Maxisorb 96-well plates

shaken overnight at 25C. One liter of dYT medium
(containing 3Q«g/mL chloramphenicol and 50 mMMAKPOy)
was inoculated with this preculture and incubated at@5
(5 L flask with baffles, 105 rpm). Expression was induced
at an ODsp of 1.0 by addition of IPTG to a final concentra-
tion of 0.5 mM. Incubation was continued for 18 h, while
the cell density reached an @pbetween 8.0 and 11.0. Cells
were collected by centrifugation (80§6r 10 min at 4°C),
resuspended in 40 mL of 50 mM Tris-HCI (pH 7.5) and 500

(Nunc). Plates were blocked in 2.0% sucrose, 0.1% bovine
serum albumin (Sigma), and 0.9% NaCk 2 h atroom
temperature. After incubation of the samples at concentra-
tions from 2 to 0.125M, bound scFvs were detected using
an anti-tetra-His antibody (Qiagen) followed by an anti-
mouse antibody conjugated with alkaline phosphatase (Sigma).
BlAcore MeasurementBlAcore analysis was performed

using a CM5 chip (Amersham Pharmacia) with one lane
coated with 2700 resonance units (RU) of myoglobin from

mM NacCl, and disrupted by French press lysis. The crude horse skeletal muscle (Sigma), one coated with 2500 RU of

extract was centrifuged (4809®@or 60 min at 4°C) and the
supernatant passed through a/n2filter. The proteins were
purified using the two-column coupled in-line procedute (
With this strategy, the eluate of an immobilized metal ion
affinity chromatography (IMAC) column, which exploits the

peptide M18 coupled to transferrin (Jerini GmbH), and one
blank lane as a control surface. Each bindinggeneration
circle was performed at 25C with a constant flow rate of
25 ulL/min with different antibody concentrations ranging
from 5 to 0.084M in 20 mM HEPES (pH 7.0), 150 mM
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The thermodynamic stability of each protein was measured

0.6 SikD zng 12'1 © by equilibrium GdnHCI denaturation. Unfolding of the scFvs
| ~ was monitored by the shift of the fluorescence emission
g 0'5: | — oCowt maximum as a function of denaturant concentration. The
§ 0.4 I ! -= 2C2-all fluorescence spectra of the native and unfolded scFv are very
= i | | - — 6B3-wt similar to the ones published previousl23f. They are
8 03l ,' At O 6B3-all characterized by a decrease in fluorescence upon unfolding
§ i ’ ! at 320 nm and an increase aB40 nm. Since the fluores-
S 0.2 cence intensities of the native and unfolded molecule do not
G . differ greatly, the use of the shift of the emission maximum
0.14 reflects the molar fractions of the folded and unfolded protein
1 sufficiently well 27). Furthermore, the use of the emission
04 : : ; . : maximum leads to much less scattering in the data, since
T 11 12 13 14 15 16 they are robust to concentration errors and any scattering

elution volume (ml) particles. Since we verified that both intensity and emission
FiGURE 1: Analytical gel filtration of 2C2-wt, 2C2-all, 6B3-wt, ~maximum plots gave essentially the same transitions, we
and 6B3-all in 50 mM sodium phosphate (pH 7.0) and 500 mM report only the latter.

NaCl on a Superdex-75 column at a concentration a6 6B3- . .
wt (— — —) and 6B3-all (-+) exhibit similar elution volumes. Figure 2a shows the denaturation curve of 2C2-wt and

Arrows indicate elution volumes of molecular mass standards: 6B3-wt. Both curves show only one transition, indicating
bovine serum albumin (66 kDa), carbonic anhydrase (29 kDa), and that Vi and \_ within the scFv denature simultaneously).
cytochromec (12.4 kDa). The mutations carried by 2C2-all and ~ Since the fluorescence intensities of the folded and unfolded
6B3-all are listed in Table 1 and Figure 4. states are similar, and the maximum changes by only 17 nm,
the shift in maximum can be used to determine the population
NaCI, and 0.005% Tween 20 d."z M NaSCN for regenera- 4t ynfolded molecules?). Under the assumption that the
tion. Determination of the antigen dissociation constant in unfolding of the scFvs is a two-state process, the free energy
solution was performed with a competition BIAcore experi- of unfolding (AGy_u) can be determinec2@ 2’8)_ 2C2-wt
ment @4, 25) with the same chip, buffer, and regeneration ., hipited aAGy_y of 51.3 kd/mol and 683-Wt AGy_y of
conditions. ScFvs at a constant concentration and v::xriable42_4 kJ/mol withm values of 25.2 and 27.4 kJ méIM—2,
amounts of antigen were preincubated for atida8 at 10 ogpectively. Thesen values lie in the expected range for

;S/:a?t?zgtelr(;]?);tigi%?3I\T‘O‘\aer?/z:ﬁa\{icgﬁr;]c?ﬁc\;\falrg[zbﬁ:rtriz\:::?g)ean 4 Proteins of this size, indicating that both scFvs have the
X I cooperativity expected for a two-state proce3).
SigmaPlot (SPSS Inc.). Slopes of the association phase of P ¥ exp proce38).(

linear sensorgrams were plotted against the correspondingsyrctural Rationale for the Selection of Mutations

total antigen concentrations, and the dissociation constant

was calculated as described previousig)( The first set of mutants to improve the properties of scFvs
2C2 and 6B3 containing the humamn® framework was
RESULTS chosen from the analysis of the structural model, guided by
) ) the sequence alignment of the human consengldovhains
Properties of Wild-Type safs grouped by V; domains with favorable biophysical properties

We chose the M6 framework as the model system for (families 1, 3, and 5) and ydomains with less favorable
testing our strategy for improving the biophysical properties Properties (families 2, 4, and 6) (Figure 3). We focused on
by a structure-based design. We used two scFvs selected fronf€Sidues of the framework and excluded the CDR regions,

the HUCAL as model systems: 2C2, which binds the peptide SINc€ We aim to identify generically applicable mutations
M18 coupled to transferrin, consisting of. paired with unlikely to affect antigen binding. The residues that we

V,3, and 6B3, which binds myoglobin, consisting of,6/ inve;tigated in 2C2 and 6B3, together with the reasoning
paired with \{3. The two antibodies differ in CDR-H3 (see Pehind the specific changes, are as follows.

Materials and Methods), but otherwise, thgésequence is Q5V. In a selection experiment of the scFv 4D5Flu
identical. The wild-type (wt) scFvs 2C2 and 6B3 were favoring stability, Val was selected at this position from Val,
expressed in the periplasm®f coli. The scFvs were purified ~ GIn, Leu, and Glu18). Position 5 is part of the firgt-strand,
from the soluble fraction of the cell extract by immobilized and Val has a highep-sheet propensity than GIrBY).
metal affinity chromatography (IMAC), followed by an ion  Nevertheless, it was shown previously that mutations of
exchange column. The purity of the scFvs was greater thane€xposed hydrophobic residues have a profound effect on the
98%, as determined by SBSAGE (data not shown). The invivo folding yield (). Figure 4 shows that GIn in position
yields of soluble protein after purification fiva 1 Lbacterial 5 of the model of a W6—V,3 scFv @1) [PDB entries 1DHZ
culture normalized to an Qfg, of 10 of 2C2-wt and 6B3-  (V16) and 1DH5 (\V3)] is exposed to solvent, and therefore,
wt were 1.2+ 0.1 and 0.4+ 0.1 mg, respectively. the hydrophilic residue GIn or Lys of A2, V.4, and \;6
Approximately 10 and 25%, respectively, of the total amount Might be thought to enhance folding efficiency in contrast
of expressed protein was found in insoluble form, as to the hydrophobic Val in W1a, Wlb, Vi3, and 5. In
determined by Western blot analysis. The oligomeric state Summary, this mutation increases fiisheet propensity at
was determined by analytical gel filtration. Both proteins the expense of creating an exposed hydrophobic residue.
elute with an apparent molecular mass of 29 kDa, indicating S16G V42, V4, and \{;6 carry a non-glycine residue with
that they are monomeric (Figure 1). a conserved positive angle at position 16 in the loop of
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hydrogen bond donor and acceptor. Therefore, this residue
was changed to lle.
o 22wt V72D. Solvent-exposed residue 72 (Figure 4) was changed
§ ooaa in the antibody McPC603 from Ala to Asp, which increased
U 6B3-all the ratio of protein found in the soluble periplasmic fraction
compared to that in the insoluble periplasmic fraction 20-
fold, but did not measurably alter the thermodynamic stability
(15), indicating that it might have an effect on the folding
efficiency. Only the consensus sequence of the most stable
- - . ; Vy family Vi3 has Asp at this position.
LR S76G The odd-numbereddomains have Gly at position
76 in framework 2 (Figure 4) in contrast to the even-
numbered Y, domains, which carry Thr or Ser. In half of
the known antibody structures found in the Protein Data
Bank, the residue at this position has a positvangle,
indicating that glycine could be a better choice at this
position.
S90Y The semiburied position 90 (Figure 4) ofyVa,
Vylb, Vi3, and \(;5 is occupied by Tyr, whereas ¥, V4,
and W46 have Val or Ser. This residue is part of ffrsheet
. , of the immunoglobulin fold and is exchanged with Ser in
']~ 202w V6, but Tyr has a highes-sheet propensity than Se31)).
0s] § 252ee ' i In positions 20 and 88, group specific differences are seen,
0 2C2-abode too (Figure 3). The residues in both positions are solvent-
e exposed and participate infasheet. At position 20, the odd-
numbered ¥, domains have basic residues Lys and Arg,
while the even-numbered domains have Thr or Ser. At
02] y position 88, all domains with favorable properties contain
g Thr and the domains with unfavorable properties contain Gin.
0t : However, as all these residues are hydrophilic and have
' ' similar 3-sheet propensities, it might be expected that the
differences in folding efficiency are small. Therefore, these
residues were not exchanged.
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Single Mutations

The six mutations (Q5V, S16G, T58l, V72D, S76G, and
S90Y) described above were introduced into 2C2-wt and
6B3-wt by site-directed mutagenesis. All scFvs carrying one
mutation were expressed and purified in a manner identical
to that of wild type scFvs and were monomeric in solution
(data not shown). In all single and subsequently constructed

Ficure 2: Overlay of GAnHCI denaturation curves of (a) 2C2-wt, multlple_ mutants,_the proport!on of soluble to |ns_oluble
2C2-all, 6B3-wt, and 6B3-all, (b) single mutations (a, Q5V: b, Protein in the periplasm remained constant, even in those

S16G; ¢, T58l; d, V72D; e, S76G; f, S90Y; and all, abcdef), (c) cases where the total expression level increased. The
multiple mutations to the consensus of Womains with favorable biophysical data are summarized in Table 1. To compare
properties, and (d) mutations (g, P10A; and gh, P10AN74F) 10 the improvements caused by the mutations in 2C2 and 6B3,

framework 1 subtype Il exemplified with the scFv 2C2. In panels . . . . .
b—d, the bold solid line and the bold dotted line represent the fits "€ €XPression yield of soluble protein is normalized relative

(23) of the experimental data shown in panel a of 2C2-wt and 2C2- t0 the yield of the corresponding wild-type scFvs and the
all, respectively. All unfolding transitions were measured by free energy of unfoldingAGy-u) is given as the difference
following the change in the emission maximum as a function of (AAGy_y) from that the corresponding scFv-wt. The dena-
denaturant concentration at an excitation wavelength of 280 nm. ¢, rant-induced unfolding curves are shown in Figure 2b.
Both single mutations exchanging the non-glycine residues
framework 1 (Figure 4), which probably causes an unfavor- with positive¢ angles (S16G and S76G) increased the yield
able local conformation. Structures that have been determinedof soluble protein by a factor of approximately 2. The
with a non-Gly residue at position 16 (e.g., PDB entries thermodynamic stability was also increased in both single
1C08, 1DQJ, and 1F58) indeed show that the posgiigagle mutations withAAGy-y values of 6.2 and 7.3 kJ/mol for
is locally maintained, apparently enforced by the surround- 2C2-S16G and 6B3-S16G am¥AGy-y values of 3.7 and
ings. In contrast, the odd-numbered, domains all have 3.5 kJ/mol for 2C2-S76G and 6B3-S76G, respectively,
Gly at this position. compared to wild-type scFvs. The mutation to Gly in a loop
T58I. The residue at position 58, which is the highly region causes greater flexibility, which enables the optimal
conserved lle, points into the hydrophobic core (Figure 4). orientation of the antiparallgd-sheet, stabilizing the whole
Only V46 has Thr at this position burying an unsatisfied domain. The higher yield of these mutants is probably due
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The amino acids are color-coded according to residue type: aromatic residues (Tyr, Phe, and
Trp) being orange, hydrophobic residues (Leu, lle, Val, Met, Cys, Pro, and Ala) yellow, uncharged hydrophilic residues (Ser, Thr, GIn,
Asn, and Gly) green, acidic residues (Asp and Glu) red, and basic residues (Arg, Lys, and His) blue. Residues that show correlated sequence
differences among the groups of;\domains with favorable properties (¥a, W1b, V43, and \{;5) and \{; domains with less favorable
properties (2, Vu4, and \{;6) are indicated by white boxes. The numbering scheme is according to Kabat4) @in¢ Honegger and

Pluckthun @3).

Thr 58 to lle Gin 5 to Val Ser 90 to Phe Table 1: Summary of Yield and Stability Measurements

et yield stability,
(normalized to w) AAGy-y (kJ/moly
name abbreviation 2C2 6B3 2C2 6B3
wild type 1 1 0 0
Q5V a 1.7 2.6 2.4 2.9
S16G b 1.8 2.3 6.2 7.3
T58I c 1.0 0.9 7.9 6.8
V72D d 3.2 1.8 0.1 2.2
S76G e 21 15 3.7 35
S90Y f 1.3 1.8 —-0.1 1.4
ab 1.8 35 9.8 (8.6) nd
ce 1.4 1.4 10.4 (11.6) Hd
abce 2.3 3.1 18.9(19.6) td
abcde 3.3 3.7 19.5(19.7) td
all abcdef 4.3 4.2 20.9(19.6) td
P10A g 2.9 4.2 0.0 0.0
P10A/N74F  gh 1.9 1.7 0.5 0.4
all+-P10A abcdefg 35 2.1 16.8(19.6) d

a2Yield of soluble protein after IMAC and ion exchange column,
normalized to the yield of the respective wild-type scFvs 2C2 and 6B3.
Absolute values are as follows: 1420.1 mg/L of bacterial culture of
an ODsso of 10 for 2C2-wt and 0.4k 0.1 mg/L of bacterial culture of
an ODss of 10 for 6B3-wt.? Absolute values of the free energy of
unfolding of wild-type scFvs:AGn-y = 51.3 kd/mol for 2C2-wt and
AGn-u = 42.4 kJ/mol for 6B3-wt¢ In parentheses are the sums of the
free energy contributions of the individual mutations to equilibrium
stability. ¢ Not determined because of low cooperativity (see the text
for details).

The mutation of the OH-carrying Thr58 to lle, pointing
into the hydrophobic core, did not alter the yield of soluble
protein but caused a marked increase in the thermodynamic
Val 72 to Asp Ser 76 to Gly Ser 16 to Gly stability with AAGy_y values of 7.9 and 6.8 kJ/mol for 2C2-
FIGURE 4: Overview of the single mutations to the consensus of T58I| and 6B3-T58I, respectively. This remarkable improve-
those \,; domains with favorable properties. In the middle of the ment in stability is due to the additional van der Waals

figure, a model scFv consisting of8 (blue ribbon, PDB entry . ; ; S ;
1DHZ) and the \(3 domain (red ribbon. PDB entry 1DHS) is shown interaction of the hydrophobic Ile within the hydrophobic

with the single mutations highlighted in orange. Arrows point to €Ore and to the reduced energetic cost of desolvation.
enlargements of the single mutations. All images were generated Interestingly, this mutation does not have an effect on the
using the program MOLMOL 42). The numbering scheme is  vyield of soluble protein, indicating that the folding efficiency
according to Honegger and fekthun @3). is not increased.

to the increased protease resistance and folding efficiency Both mutations exchanging a residue inasheet to a
caused by the stabilized folded state of the protein. residue with higheis-sheet propensity (Q5V and S90Y)
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Table 2: Analysis of the Framework 1 Subtype

subtype-defining residugés subtype-correlated core residées
name subtype H6 H7 H10 H19 H74 H78 H93

| Glu Ser Pro Leu Leu Ala/Val/lle/Leu Leu/Met

1] Glu Ser Gly Leu Val Phe Met

1l GIn Ser any (Alay Leu/Val Phe Ala/Val Leu
wild type 1 GIn (100%}' Ser (84%) Pro (8%} Leu (56%) lle (1%) lle (8%) Leu (63%)
P10A 1 GIn Ser Ala Leu lle lle Leu
P10A/I74F 1 GIn Ser Ala Leu Phe lle Leu

a According to ref32.  Using the numbering scheme of Honegger andcRhun @3). € Ala is used in 76% of subtype Il sequence&?)
d Percentage use of the specified amino acid in subtype 1l sequences, regardlgsfaofily (32).

resulted in an approximately 1.8-fold increase in the yield  The details of the yield of soluble protein and thermody-
of soluble protein. In addition, the thermodynamic stability namic stability determinations are listed in Table 1. In
is slightly increased with the exception of that of 2C2-S90Y, summary, the effect on the stability of the single mutations
the stability of which shows even a very small decrease in is almost perfectly additive, while the effect on yield shows
comparison to that of the wild-type scFv. The analysis of qualitative additivity. The scFvs carrying all six mutations,
these constructs shows that mutations of residues, which2C2-all and 6B3-all, show an increase in yield of 4.3- and
participate in ag-sheet, to a residue with highgrsheet 4.2-fold, respectively, compared to that of wild-type scFvs.
building propensity can increase the yield of soluble protein The absolute values for 2C2-all are a yield of 5.1 mg/L,
due to a higher folding efficiency. The thermodynamic which is 3.9 mg/L more than for 2C2-wt, and a thermody-
stability is also increased probably because of better orienta-namic stability of 72.3 kJ/mol. In the case of 6B3-all, a yield
tion of the mutated residue, depending on the scFv, facilitat- of 1.7 mg/L was obtained, which is 1.3 mg/L more than for
ing the orientation of stabilizing hydrogen bonds in the 6B3-wt.
p-sheet.

The last single mutation exchanges a solvent-exposedAnalysis of the Framework 1 Subtype
hydrophobic residue with a hydrophilic one (V72D). The
yields of soluble protein in 2C2-V72D and 6B3-V72D are
increased 3.2- and 1.8-fold, respectively. The thermodynamic
stability in 2C2-V72D is not changed, while in 6B3-V72D,
it is slightly increased with &AAGy-y of 2.2 kd/mol.

Vy structures can be divided into four distinct framework
1 conformations depending on the type of amino acids at
positions 6, 7, and 1) [numbering scheme according to
Honegger and Pltkthun @3)]. Residues at positions 19, 74,
78, and 93, which are part of the hydrophobic core of the
lower part of the domain and thus influence thermodynamic
stability and folding efficiency, are correlated to this

To determine whether the improvements were additive, structural subtype3®). While the \{; domains with the most
we introduced combinations of the single mutations. The favorable properties fall into subtype 1l (8) and subtype
scFvs with multiple mutations were expressed and purified Ill (V yla, Wlb, and \45), the \j; domains with less
as described above and were also monomeric in solution, asfavorable properties (M2 and \{;4) fall into subgroup 1. V6,
demonstrated by analytical gel filtration (2C2- and 6B3-all which we want to improve, can be assigned to subtype ||
as examples in Figure 1). The denaturation curves of all which is defined by GIn at position 6 and the absence of
multiple mutants of 2C2 that were tested showed one steep,Pro at position 732). Analysis of subtype Ill-defining and
cooperative transition (Figure 2d), indicating that the8V  -correlated residues of human;\domains 82) shows that
domain is also stabilized with the help of the six mutations the Vy6 fragment carries rarely used residues at positions
in V16, probably because the mutategéulomain stabilizes 10, 74, and 78 (Table 2). Pro in position 10 is used in 8% of
V.3 through the hydrophobic )~V interface interactions.  the sequences, whereas Ala is used in 76% of the sequences.
In contrast, the transition of the equilibrium unfolding of Pro allows only a more limited number of conformations
the double mutants 6B3-Q5V/S16G and 6B3-T58I/S76G than Ala. In a mutagenesis experimedd), Pro at position
revealed a lower cooperativity compared to that of 6B3-wt 10 was shown to destabilize a;\domain in a subtype IV
and gave apparent values of 18.9 and 19.3 kJ mdIM 1, context (only occurring in murine and not in human
respectively, indicating that the unfolding is no longer a two- sequences). Val at position 74 and lle at position 78 have
state process. The scFv 6B3 carrying all six mutations frequencies of 1 and 8%, respectively, compared tp V
derived from the sequence comparison with the groupof V  subtype Ill sequences. Val74 was exchanged in 2C2 and 6B3
domains with favorable properties (6B3-all) showed an even to the more frequently found Phe, as the bulky aromatic
lower cooperativity and has an apparemvalue of 14.3 kJ amino acid probably increases the packing density of the
mol~* M~ (Figure 2a). The Y3 domain, which has the hydrophobic core. Ile78 was not exchanged with the subtype
lowest thermodynamic stability of the isolated ¥omains [l consensus residues Ala and Val, which are, like lle,
(11), probably starts to unfold first in the scFv 6B3 with aliphatic residues, as the effect on the packing density would
multiple mutations, while the mutated, stabilizegévdomain probably be small. In Figure 5a, the framework 1 subtype-
is still folded and only unfolds at higher denaturant concen- determining and -correlated residues are shown in the model
trations. Because of this lack of two-state behavior, the of V6 (21) (PDB entry 1DHZ), and in Figure 5b, the model
AGyn-y values could not be calculated for the multiple of the double mutation is shown with P10A (Pro to Ala at
mutants of 6B3. position 10) and V74F.

Multiple Mutations
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Ficure 5: Overview of framework 1 subtype llI-determining residues (6, 7, and 10) in red and correlated residues (19, 74, 78, and 93) in
blue (a) in the wild-type V6 domain (PDB entry 1DHZ) and (b) in the model of the doubly mutated form with the P10A (orange) and
V74F (cyan) mutations. (c) Ribbon representation of th@ domain with the black frame indicating the enlarged area depicted in panels

a and b. All images were generated using the program MOLM@). (The numbering scheme is according to Honegger aidkBiun

(393).

The mutations to the framework 1 subtype Il consensus kJ/mol lower than the stability of 2C2-all. The midpoint of
P10A alone and in combination with V74F were introduced denaturation, which is a semiquantitative measure for the
into the wild-type scFvs by site-directed mutagenesis. 2C2- thermodynamic stability, in 6B3-aHP10A was also at a
P10A and 6B3-P10A exhibited 2.9- and 4.2-fold increases GdnHCI concentration lower than the midpoint of 6B3-all.
in the yield of soluble protein compared to that of the wild-
type scFvs, respectively, while the double mutants with P10A Determination of Binding Actity
and V74F exhibited smaller increases of 1.9- and 1.7-fold, ) N
respectively. All biophysical data are summarized in Table ~The goal of the study was to show that yield and stability
1. The analysis of the soluble and insoluble periplasmic Of Vx6-containing scFvs can be improved by the structure-
fraction of the single and double mutant showed that both based approach, guided by the family specific analysis, while
the total expression level and the level of soluble protein the binding activity is retained. We analyzed the binding
increased with the mutations, and thus, the ratio between@ctivity with two independent methods: ELISA and BlAcore.
soluble and insoluble scFv remained constant (data notFor the ELISA, we coated the corresponding antigen and
shown). The thermodynamic stability of the scFvs 2C2 and appllgd various concentrations of scFvs. We tgsted all smgle
6B3 is not increased by the mutation P10A, and is only Mutations, including scFv-P10A, and the multl_pl_e mutations
slightly increased 4AGy_y values of 0.5 and 0.4 kJ/mol,  SCFv-all and scFv-atP10A. All mutants exhibit similar
respectively) with the P1OA/V74F double mutation (Table concentratlt_)n eretha_nC|es, which indicates that they have
1 and Figure 2d). The biophysical analysis therefore showsthe same binding affinity (data not shown).
that the mutation P10A indeed increases the folding ef- BlAcore experiments were performed with different
ficiency, as demonstrated by the higher yield of periplasmic concentrations of scFvs flowing over an antigen-coated chip.
protein, but does not change the stability in comparison with Panels a and b of Figure 6 show an overlay of 2C2-wt and
that of the wild-type scFvs. In contrast, the mutation V74F -all and 6B3-wt and -all, respectively, plotted as resonance
may slightly increase the stability because of enhancedunits (RU) versus time. The association and dissociation
stabilizing interactions in the hydrophobic core, probably at curves for binding of scFv-wt and -all to the antigen-coated
the expense of folding efficiency, since the magnitude of chip can be superimposed in both cases, indicating that the
the positive effect of P10A on yield is decreased in the double binding is fully retained. However, the dissociation phase
mutant. did not reach the background level before injection of scFvs,

Because the yield of the P10A single mutant was higher preventing unambiguous determination of the antigen dis-
than that of the P10A/V74F double mutant, which showed sociation constan(y). This unspecific binding was observed
only a small increase in thermodynamic stability, we cloned at different antigen-coating densities (2700 and 370 RU, data
only the mutation P10A into 2C2-all and 6B3-all, resulting not shown). This indicates that this behavior is not due to
in the construct scFv-alP10A. The yields compared to rebinding on the chip but may be due to a small portion of
those of 2C2-all and 6B3-all were decreased 0.8- and 2.1-partially unfolded scFv that sticks nonspecifically to the
fold, respectively. In the case of 2C2-alP10A, the ther- antigen-coated chip. Therefore, competition BIAcore experi-
modynamic stability with aAGn-y of 68.1 kJ/mol was 4.1  ments R4, 25) were performed to determine the, in



Improving of Immunoglobulin 4 Domains Biochemistry, Vol. 42, No. 6, 20031525

100

a 020
a — 2C2-wt
80 - —
== 2C2-all GE-’ 0.15 4
2 -
g 60 - gi
8 > 0.10 1
g 40 N :;
3 o
2 & 0.05 1 e
= 20 ) hd hd o A
0.00 -
04
T T T T T b 020 4
0 250 500 750 1000 1250
time (sec) ﬁ
£ 015
200 4 p
b — 6B3-wt 4
- - 6B3-all g o1
% 150 2
= o i
3 5 005 e
2 100 —e
©
c
3 0.00
£ 50 - - o T T
0 5 10 15 20 25 30
[myoglobin] (10¢ M)
0 " .
FiGUre 7: Competition BIAcore analysis of 6B3-wt and 6B3-all.

' ' ' ' ' (a) 6B3-wt (16 nM) and (b) 6B3-all (10 nM) were incubated with
0 20 509 750 1000 1250 different concentrations of myoglobinifd h and injected over a
time (sec) myoglobin-coated sensor chip. From the linear sensograms, the

FIGURE 6: Comparison of the binding activities of (a) 2C2-wt and  SIOPes (resonance units vs time in seconds) were plotted against
2C2-all and (b) 6B3-wt and 6B3-all. The results of BlAcore the corresponding total soluble antigen concentration. The slopes

experiments are shown, with resonance units plotted against timeCo'Telate to uncomplexed scFv in the injected solutions. Rhe
after injection of different scFv concentrations over an antigen- Was calculated from a fit according to r@6. Each point is the
coated chip. Solid lines indicate wild-type scFvs, and dotted lines @verage of three independent measurements.
indicate scFvs carrying all six mutations toward the consensus of
favorable \{; domains. In panel a 2C2-wt and 2C2-all at concentra- ) ) ) ]
tions of 1.25, 0.63, 0.31, and 0.181 and in panel b 6B3-wt and ~ expression yield of soluble protein and thermodynamic
6B3-all at concentrations of 1.25, 0.63, 0.31, 0.16, and @!d8 stability. Mutations that potentially improve these biophysical
are plotted. properties were identified from comparison of the residues
which define the framework 1 subtype and other residues
solution. In this experiment, the scFv protein was incubated that interact with the consensus found within the same
with soluble antigen, and the mixture was injected onto a gyptype. The next set of potential mutations was found by
BlAcore chip containing immobilized antigen. Only the free 1 analysis of the structure for potential imperfections, guided
SCFV, but not the ant|gen'bound SCFV, could bind to the by a Comparison to the consensus Sequences of thqse V
antigen on the surface. Thereby, the dissociation constant ingomains with known favorable biophysical properties (fami-
solution can be determined, independent of any unspecificjies 1. 3, and 5). We excluded CDR residues from this
binding events. From the previous experimeri{s,was  apalysis. We could pinpoint such residues, as we had
estimated to be around 10M. Therefore, competition  previously systematically determined the biophysical proper-
BlAcore experiments were performed with 6B3-wt and 6B3- tjes of consensus sequences of all human variable domain
all at 16 and 10 nM, respectively, in the presence of different subgroups 11). The experiment shows that all seven
concentrations of myoglobin ranging from 50 nM to 3. proposed single mutations fall into three categories. They
From a plot of the slope of the association phase versus theresylt in either an increase in the expression yield of soluble
corresponding total antigen concentration in solutionkhe  protein, in thermodynamic stability, or both. This distinction
of 6B3-wt was calculated to be (12 0.5) x 107"Mand  pelps us understand the role of these residues in determining
that of 6B3-all to be (1.5t 0.4) x 10" M as described  the piophysical properties of this protein. In the case of scFv
previously €6) (Figure 7). BothKy values lie in the  2c2 three and in the case of scFv 6B3 even five of these
experimental error range, indicating that the binding is fully seyen mutations result in an improvement in both biophysical
retained. properties. These results illustrate that the combination of
structure-based analysis, guided by family alignments, is a
DISCUSSION powerful way of improving the properties of immunoglobulin
The aim of this study was to demonstrate the validity of Vvariable domains. Since our analysis) covers all human
the structure-based, family consensus-based predictions. wéamilies, we have now a general strategy for this task.
chose scFvs containing the human germline family6V The analysis of different combinations of the single
consensus domain as a model system for improving themutations to the consensus of,\domains with favorable
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properties showed that the improvements in free energy weresuitable \{ domain. Nevertheless, framework residues can
almost perfectly additive, indicating that they act indepen- affect the orientation of CDRs, can be part of the hapten-
dently. The mutant with the highest yield and thermodynamic binding cavity located in the ¢V interface, and build
stability compared to the wild-type scFvs is indeed the mutant the “outer loop”, which was seen in some cases to be
with all six mutations. In the case of scFv 2C2, the properties involved in antigen binding. These “framework” residues can
of the best mutant are comparable to the properties of athereby contribute greatly to affinity and diversity, and it is
model scFv consisting of the most stablg domain, \(;3, unlikely that a single framework can provide the ideal
and the same Vdomain, \,3, with a different CDR-L3, solution in all cases. Therefore, we believe that the preferred
which was part of the systematic biophysical characterization approach to achieving a structurally diverse library of stable
of human variable antibody domainklj, indicating that it frameworks is to optimize the human consensus antibody
is indeed possible to turn an antibody with unfavorable frameworks further in the way we presented here, as it would
properties into one with very favorable properties by chang- give access to a whole range of stable scaffolds covering all
ing only a few residues. Most importantly, the CDRs and natural families. A part of this analysis has been implemented
those framework residues which are important for binding in HUCAL Gold (Morphosys AG, www.morphosys.com).
are maintained. In this study, we focused on the improvement of thesV
The addition of the mutation P10A to the scFvs carrying framework. However, because of the sequence similarity,
six mutations decreases both the expression yield andfive of the mutations that have been studied (Q5V, S16G,
thermodynamic stability, although in the wild-type scFvs this V72D, S76G, and S90Y) should give similar results for V
mutation increased the soluble yield 2.9-fold in the case of domains belonging to family M2 and \{;4. While this
2C2-P10A and 4.2-fold in the case of 6B3-P10A and left approach is useful for the design of antibody libraries, in
the thermodynamic stability unchanged. The mutations Q5V many cases given human antibodies, e.g., from transgenic
and S16G, which are close to position 10, should still be mice @5, 36), obtained by humanizatior87) or by phage
beneficial to the V6 framework as they are independent of display from a library of natural sequenced3{40) may
the type of amino acid at position 10. The reason for the also benefit from improvement. To improve the properties
deleterious effect of this mutation in the context of the of any given human immunoglobulin heavy chain variable
improved framework is currently unclear. domain while keeping binding activity, we suggest the
The improvements seem to be independent of the V following procedure. The first task is to compare each residue
domain and of the sequence and length of CDR-H3, as 2C20f the given domain to different subsets of immunoglobulin
with V,3 and 6B3 with (3 and different CDR-H3 loops  sequences. As the binding activity should be retained,
gave similar results. There were only two minor exceptions, residues of CDR-H1 (H25H40), CDR-H2 (H57H77),
as the thermodynamic stability of the 6B3 mutants V72D CDR-H3 (H109-H137), and the outer loop (H84H87) are
and S90Y is slightly increased, while in 2C2 no stability not considered [numbering scheme according to Honegger
increase could be observed. It was shown previously thatand Plickthun @3)]. After determination of the framework
V; domains, in contrast to Mlomains, are able to form very 1 class, the subtype-determining (6, 7, 9, and 10) and
stable \(;—V_ interfaces in the scFv, increasing the stability subtype-corresponding (19, 74, 78, and 93) residues are
of the whole scFv even above the intrinsic stabilities of the compared to the consensus of sequences falling into the same
isolated domainsi(). The residue at position 72 is not class 82). The other residues are then compared to the
involved in the interface interactions but is in the proximity consensus sequences of thg YWomains with favorable
(Figure 4). It is therefore possible that the mutation V72D properties (families 1, 3, and 5)1, 21). In the second task,
may lead to a small change in the orientation of the interface, the differences are analyzed using structure models (PDB
which has no effect on M domains in 2C2 but a small  entries given above). Mutations, which increase the expres-
stabilizing effect through the interface interactions with the sion yield of soluble protein and/or thermodynamic stability,
V,3 domain of 6B3. The residue in position H90 is on the as seen in this study, include mutations which replace a non-
side of the domain opposite the interface tp (Figure 4) glycine residue in a loop with a positiveangle to glycine,
and also 29 residues away from CDR-H3, indicating that mutations of residues in g-strand with low 3-sheet
the slightly increased stability of 6B3 is probably not due to propensity to a residue with high-sheet propensity, and
the different \{ domain and CDR H3 sequences compared mutations of solvent-exposed hydrophobic residues to hy-
to 2C2. drophilic ones and replacement of residues with unsatisfied
Although we did not exchange residues of the CDR with H-bonds.
possible direct contact to the antigen, the possibility that  This procedure is in principle also applicable tq V
changes in the framework might affect the orientation of the domains. However, the identification of differences is more
CDRs and, thereby, antigen binding could not a priori be difficult as V. domains fall mainly in one major framework
excluded. Therefore, we experimentally determined the 1 class 82) and the biophysical properties differ to a smaller
binding properties. In the case of the mutations that have extent than between)Mlomains {1). However, \. domains
been examined, antigen binding was fully retained as should be compared to the consensus sequence3fag
demonstrated by three independent methods. this domain displays the highest thermodynamic stability and
In this study, we show that it is possible to rationally expression yield of ¥ domains. Giving advice for the
transform antibody frameworks with less favorable properties reference domain for domains is more difficult, as M
into those with very favorable properties while retaining their showed the highest thermodynamic stability by \the
binding activity and the binding characteristics of the highest expression yield of soluble protein. Nevertheless, the
framework. It could be argued that an easier approach wouldphysical principles for rational design are the same as with
be to directly use the very stable,¥ framework with a Vy domains described above.
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These results also show that some human germline genes

do not encode an optimal version of the protein, with regard
to its biophysical properties. Since the biophysical properties
of natural domains cover a wide range, it cannot be argued
that limited stability is a desirable property for the immune
system. Rather, the stability of 2, V44, and \(;6 may
simply be good enough to be tolerated by the immune
system. For those biomedical or biotechnological applications
where it is not good enough, however, we have now provided
a pathway for improving these properties in a straightforward
way.
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