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ABSTRACT. A classification of scFv fragments concerning their unfolding/refolding equilibria is proposed.

It is based on the analysis of different mutants of the levan-binding A48 scFv fragment and the HER-2
binding 4D5 scFv fragment as well as a “hybrid” scFv carrying thelgmain of 4D5 and the ydomain

of an A48 mutant. The denaturant-induced unfolding curves of the corresponding scFv fragments were
measured and, if necessary for the classification, compared with the denaturation of the isolated domains.
Depending on the relative intrinsic stabilities of the domains and the stability of the interface, the different
scFv fragments were grouped into different classes. We also demonstrate with several examples how
such a classification can be used to improve the stability of a given scFv fragment, by concentrating
engineering efforts on the “weak part” of the particular molecule, which may either be the intrinsic stability
of V|, of Vy, or the stability of the interface. One of the scFv fragments obtained by this kind of approach

is extremely stable, starting denaturation only at alfolvl urea. We believe that such extremely stable
frameworks may be very suitable recipients in CDR grafting experiments. In addition, the thermodynamic
equilibrium stabilities of seven related A48 scFv mutants covering a broad range of stabilities in urea
unfolding were shown to be well correlated with thermal aggregation properties measured by light scattering
and analytical gel filtration.

Improving the stability of scPvfragments {, 2) for such as tryptophan fluorescence. However, this denaturant-
biotechnological or medical applications is a major challenge induced equilibrium unfolding of scFv fragments is not
for protein engineers. The relatively easy production of scFv necessarily a simple two-state process, which would only
fragments in bacterie8(4) and, compared with the parental involve the native and the completely denatured state of the
mADb, their almost unchanged monomeric binding affinity protein. Instead, intermediate species may accumulate at
(1, 4, 5) explain their increasing importance in many fields. - equilibrium, involving one native and one denatured domain
ScFv fragments with increased stability were shown to have or interacting domains which are only partially unfolded. We
improved in vivo properties (reéf; Willuda et al., manuscript  hayve demonstrated the presence of such an intermediate with
submitted for publication). The molecular basis of observed 4tive \l; and denatured Mdomain before in the case of
differences in stability between different scFv fragments is, 1o A48cys(H-K66R/N52S) scFv fragmers) (
however, not really clear. An indispensable prerequisite for

the future engineering of stability of these proteins is N this study, we use two model systems, the scFv
therefore to understand their equilibrium denaturation and fragments A48 and 4D5. The A48 scFv is derived from a

levan binding antibody, ABPC48, naturally missing thg V
intradomain disulfide 10—12). In previous work, this scFv
fragment has been produced in a cysteine-restored form
A48™t (carrying both intradomain disulfides, denoted
“A48cys” in the earlier study) X1) and in a completely
cysteine-free form12). In the meantime, we have created

T This study was funded by the Schweizerische Nationalfonds Grant
31-47302.96 and by a predoctoral fellowship to A.W. from the Fonds and analyzed many further mutants of the A48 scFv

their aggregation properties in greater detail.

One of the possibilities to examine scFv stabilities is to
analyze their denaturant-induced equilibrium unfoldify (
by following the spectroscopic properties of the protd) (

der Deutschen Chemischen Industrie. fragment. The analysis of these mutants and of the
*To whom correspondence should be addressed. f411) 635 p185'ER2-ECD_hinding 4D5 scFv fragmentlB, 14), taken
5712. E-mail: plueckthun@biocfebs.unizh.ch. together with our previous results for some A48 scFv mutants

1 Abbreviations: A48 ~, variant of the A48 scFv fragment lacking .
both intradomain disulfide bonds; A48, variant of the A48 scFv (9), allows us to finally assemble a general model and to

fragment carrying both intradomain disulfides; BBS, borate-buffered propose a classification of the denaturation behavior of scFv

saline; CDR, complementarity determining region; GdnHCI, guani- i ot i
dinium hydrochloride: mAb, monoclonal antibody: pi88% £, fragments. This classification puts scFv fragment into

extracellular domain of human epidermal growth factor receptor 2; scrv, different classes, depending on the part of the scFv fragment
single-chain Fv fragment of an antibody; scFv (SS), single-chain Fv which is limiting for the total stability of the protein. The
variant carrying an interdomain disulfide bond between the mutated stability-limiting property of the scFv fragment can either

framework positions H44 and L10T;4, aggregation temperatureyV L - . . .
variable domain of the heavy chain; Wariable domain of the light ~ P€ the intrinsic stability of either one of its domains.(ur

chain. V) or, alternatively, the stability of the interface.
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The present study combines new data with previous studies Ala ™ val A
on the A48 scFvq). The combined data are analyzed to  a4g— (H1) l v, H v, —’ Y
show examples of several different types of unfolding -
behavior in order to assemble a general model. The practical aa e v aa
benefit of such a classification is that it can help to increase p4g-- (H2) ‘ v, v, ‘ P

the stability of a given scFv fragment by first identifying

and then improving its stability limiting part. This approach " veay v o

is demonstrated in the present study with several examples. | ' v : H : v ' ‘
H L

A further point investigated is the question of how the A4 (H3)
thermodynamic stability of scFv fragments, measured by

T T
NS52S K66R

T T
N52S Ke6R

equilibrium unfolding, correlates with their irreversible T i kS s
thermal aggregation properties. This question is of more A48™ (H3L1) l Vi H Vi ‘ ®
practical relevance, because scFv fragments often tend to ,Nsizs ke Top _
aggregate upon concentration, heating, or longer storage, and AR oy i M Ap S

this aggregation tendency is one limiting factor for medical A48~ (H2)(SS) ‘ Vi H vV ! o
or biotechnological applications of scFv fragments. The NozS KesH

comparison of stability against denaturant and thermal e r °pe oy
aggregation properties was performed by analyzing seven a4g-+ (H1) ‘ v, H v, ‘ Y
mutants of the A48 scFv fragment which cover a broad range =

of stabilities, yet differing between each other by only a few os cys o o

point mutations. This was possible because some mutants a4s++ I v, }_{ v, —l ®
are lacking one or both of the conserved intradomain

disulfide bonds, and several of these A48 fragments were il o o b
stabilized by additional point mutations. The analysis of these A48++ (H2) ‘ vV, }——L v, ’

scFv fragments included their denaturant-induced equilibrium Nl Keor

unfolding, their aggregation temperature measured by light oy oys op o
scattering at 500 nm, and their aggregation after prolonged Adg++ (H2L1) ‘ v, H v, [ ®

incubation at 37C (which is below the actual aggregation
temperature of all scFv fragments under investigation),
monitored by analytical gel filtration.

4D5*+
EXPERIMENTAL PROCEDURES cys—

Cys Cys

ScR Fragments AnalyzedMost of the scFv fragments ~ "Hybrid”
studied (Figure 1) were derived from the A48 scFv fragment,
either in its completely cysteine-free form lacking both
intradomain disulfides (A487), in its cysteine-restored form,  "Hybrid" (SS)
containing the disulfides in both,Vand . (A48") (11),
or in its “wild-type” form lacking only the ¥, disulfide
(A48~1). Several stabilizing mutations were introduced into A48 V,;~ (H2)
these scFv fragments in different combinations. The muta-
tions H-K66R and H-N52S in the heavy chain have been cye— cys
described in ref® and 12. The mutation H-Y92V in the A48V, + i"

. . . . . L

heavy chain can only be introduced into the disulfide-free
or the wild-type variants, because residue H92 is one of Ficure 1: Schematic representation of the different scFv fragments
the positions forming the conserved intradomain disulfide and isolated domains under investigation in this study. The mutants
bond. The L-T8P mutation in the light chain is a substitution !&%‘f‘j“ ;,’333 g;tﬁgﬁtrgggnrﬁﬁaegfis%%giBgnggiemﬂéss ;er:é“Ed
toward the «-consensus sequence [classification of V' '\ iant called “Ad8* has the intradomain disulfide inivbut
subgroups and numbering according to Kabat et E)](  not in V. Stabilizing point mutations are indicated. Thember

and was shown to stabilize a different scFv fragment before of stabilizing mutations in \{ and \{ in the particular mutants is
(16). attached to its name. The scFv fragments labeled “(SS)” have an

Al SCEv f t Il as the isolated d . d interface disulfide bond between framework positions H44 and
scrviragments as well as the 1solated domains under | 1gg, which were mutated to Cys residues in these particular scFv

investigation are schematically represented in Figure 1 andfragments. 4D5-derived domains are shaded. The variant called
described here: A48 (H-K66R) [named A48 ~(H1), the “hybrid” scFv carries the V domain of the 4D5 scFv fragment
double minus denoting that it is disulfide-free and the linked to the \; domain of the A48*(H2) scFv fragment. Those
parenthesis indicating that it carries one stabilizing heavy Mutants that t}a\éelbéaen r?natlgl/zeg Jor their thermal aggregation
chain mutation], A48~(H-K66R/N52S) [named A4g-(H2)],  Properties are labeled with a black dot.

A48~ ~(H-K66R/N52S/Y92V) [named A48~ (H3)], A48~ are known to be in a suitable orientation to bridge the
(H-K66R/N52S/Y92V)(L-T8P) [named A48 (H3L1)], interface, when replaced by cystein&3){, A48wt(H-K66R)
A48~ ~ (H-K66R/N52S)(SS) [named A48 (H2)(SS)-this [named A48*(H1)], A48"(H-K66R/N52S) [named
protein carries an interface disulfide bond between the A48tT(H2)], and A48 *(H-K66R/N52S)(L-T8P) [named
mutated framework positions Gly H44 and Gly L100, which A48t*(H2L1)]. Additionally, the isolated disulfide-contain-

N525 K66R
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ing V. domain of the antibody A48 without additional urea or the stronger denaturant GdnHCI were used for the
mutations (named A48V) and the disulfide-free Ydomain stability measurements (Figure 2). To demonstrate the
with the H-K66R/N52S mutations [named A48VH2)] extraordinary stability of the “hybrid” scFv (SS) in urea,
have been examined. The seven selected A48 mutantdransition curves of this scFv fragment were measured in
additionally analyzed for their thermal aggregation properties both GdnHCI and urea. Proposed scFv classes are described
are emphasized in Figure 1 with a black dot. in Figure 3.

While four of the A48 mutants have been described before  Limited Protease Digestion StudieBo characterize an
[A48*F, A48T (H2), A48 T (H1), and A48\ T (9, 11)], we equilibrium intermediate present 2 M GdnHCI, limited
need to include these denaturation transitions in the corre-thermolysin digestion24), subsequent SDSPAGE (Figure
sponding overlays, to be able to explain the proposed scFv4), blotting, and N-terminal sequencing of the accumulating
classification. digestion bands were performed with the 4D5 scFv fragment

Furthermore, the 4D5 scFv fragmerit3( 14) has been as described for the A48cys(H-K66R/N52S) fragment before
used as a representative example for one of the proposed9). The digestion was performechi2 M GdnHCH
scFv classes. Additionally, a “hybrid” scFv with the. V  corresponding to the expected intermediate with native V
domain of the 4D5 linked to the ¥ domain of the and denatured ¥ in the 4D5 scFv fragment. A ratio of
A48t(H2) has been analyzed, as well as its interface thermolysin to scFv of 1:100 (w/w) was used and the final
disulfide bridged derivative “hybrid” scFv (SS), where again scFv concentration in the digestion mix was g§&fmL.

Gly H44 of the A48+(H2) Vyy domain and GIn L100 of the Determination of Aggregation Temperaturghe seven
4D5 V. domain were mutated to cysteines. A48 mutants indicated in Figure 1 were also analyzed for

Protein Expression and PurificatiorRProtein expression  their thermal aggregation properties. Their temperature of
and affinity purification of the A48 scFv fragments was aggregation was determined by light scattering similar as
performed as described befog 11, 12). All A48~ ~-derived described previously26). A Shimadzu RF-5000 spectro-
mutants, including the one carrying the interface disulfide, fluorimeter was used. Excitation and emission wavelength
the mutant A48%(H1), and the isolated A48Y (H2) domain were 500 nm. The scFv samples were measured in BBS
were cloned into the vector pTFT74§ 19) and expressed  buffer at 300ug/mL (about 10uM, with the exact molar
as cytoplasmic inclusion bodieskscherichia colBL21DE3 concentration differing minimally between the investigated
[F~, ompT, rs"mg~ (Aimm21,lacl, lacUV5, T7 pol int)] point mutants). After filtering through 0.2m Millipore
(20). Refolding and purification of the interface-bridged filters, they were heatediia 2 mLquartz cuvette in a volume
variant A48 ~(H2)(SS) and the A48"(H1) was performed  of 1.7 mL and continuously stirred with a small magnetic
exactly as described for the A48 wt-derived mutants before stirrer. The temperature was controlled by a programmable
(9). Refolding and purification of the A48y (H2) domain circulating water bath, and the exact actual temperature in
was analogous to the published procedure for the A48L(V  the cuvette was determined with blanks, using a small
domain @), and all the remaining A48 -derived mutants  temperature sensor in the cuvette to calibrate the water bath.
were refolded and affinity purified as described for the A temperature gradient of 0.8C/min was applied starting

disulfide-free A48 mutants beford %). from 25 °C up to the temperature which was necessary to
Periplasmic expression iB. coli IM83 |1, ara, A(lac, get the maximum intensity measurable by the spectrofluo-

proAB), rpsL, thi, ®80, dlacZAM15] (21) and purification rimeter. Intensities were measured every-05 °C (in

of the scFv fragments A48, A48t*(H2), and A48t(H2L1) general, more points were measured when the scattered

was carried out as described befo®.(The 4D5 scFv intensity started to rise). Each intensity point depicted in the
fragment, the “hybrid” scFv, and its interface-bridged variant plots (Figure 5, panels b and c¢) was averaged over 10
were expressed periplasmically and purified as described formeasured intensity values. The time period necessary for
the disulfide-containing 4D5 scFv fragmenit4]. collection of this set of 10 data points was about-16 s,

All A48-derived mutants were in alinker-V_ orienta- and therefore only a negligible intensity change occurred due
tion, carrying an N-terminal FLAG22) and a C-terminal  to the concomitant rise in temperature (about @). The
Myc- and His-tag {1). The 4D5-derived mutants as well as aggregation temperature was obtained from the intensity
the “hybrid” scFv fragments with and without the interface versus temperature plot by linear extrapolation to the
disulfide were in a V-linker-Vy orientation, with the same  temperature axis after correcting for minor background
20-mer nonrepetitive peptide linke23) and with the same  scattering present from the beginning of the measurement.
tags. Semiquantitative comparisons of scFv stabilities are This was done by linear fitting of the intensity values in the
only performed between scFv fragments in identical orienta- pretransition region and setting the scattered intensity at
tions. = 25 °C to zero for all variants. To get an objective value

Urea- and GdnHCI-Induced Unfolding/Refolding Equi- for the aggregation temperatures, all points exceeding
libria. Solvent-induced denaturation was followed by the intensity values of 400 (see Figure 5) were used for linear
intrinsic fluorescence emission spectra of the proteins. extrapolation. All measurements were performed in duplicate
Excitation was at 280 nm. Measurements were performedor triplicate, and averaged values are given (see Figure 5c,
and analyzed as described befod®)( All A48-derived as an example for a representative triplicate measurement).
mutants were measured in BBS buffer (50 mM sodium  Analytical Gel Filtration.Analytical gel filtrations of the
borate, pH 8.0, and 150 mM NacCl), the 4D5 and the “hybrid” seven selected A48 mutants (see above) were performed with
scFv fragments were measured in 40 mM Tris, pH 8.0, and a SMART-system (Pharmacia), using a Superdex-75 column.
150 mM NacCl. It was verified that this difference in buffer All measurements were carried out in BBS buffer with
did not influence the transition curves (data not shown). 0.005% Tween-20. The respective scFv fragments were
Depending on the stability of the analyzed mutants, either injected at 30Qtg/mL (about 1Q«M) in a volume of 5QuL.



8742 Biochemistry, Vol. 38, No. 27, 1999 Worn and Plekthun

denaturant concentration

VAN VBN = VAN + \,BU :VAU + VBU

normalized emission maximum

I AG

'R :[VAN . VBU] =VU+\Y

Hl AG
ARTA — \ARRTC

IV AG

normalized emission maximum

VIV = N+ N =Y+ Y

[GdnHCY] (M)

—H-=Hl—=Fl—F

350
a1 C Ficure 3: Schematic representation of possible unfolding equilibria
g, 467\°°mp'e‘e'y denatured protein in scFv fragments. A and B represent the respective domains of

the scFv fragment (eitheror V) and A is defined as the more
£ 3441 stable domainAG indicates the relative stabilityntrinsic stabilities
é 3424 are marked as black baesgtrinsicstability contributions provided
S 3401 by the W,—V_ interface are represented by white bars. The
2 438 ] superscripts N and U represent native and unfolded states of the
53364% corresponding domain, respectively. (I) The intrinsic stability of

one domain is much higher than the total stability of the other
A domain. An equilibrium intermediate with one native and one

[urea] (M) denatured domain accumulates at intermediate denaturant concen-

tration. (II) The intrinsic stability of one domain is in the same
range as the total stability of the other domain. The transition to
case | is gradual. The intermediate species with one native and
one denatured domain will be less populated and well defined than
in case I. (lll) Two intrinsically relatively unstable domains are
linked by a very stable interface. The breaking up of the interface
is accompanied by the immediate denaturation of both domains.
No intermediate accumulates at equilibrium, the transition is two-
state. (IV) Two intrinsically very stable domains are linked by a
weak interface. The interface disrupts at relatively low denaturant
| concentration, and the two domains remain native. Only at higher
denaturant concentration the isolated domains will unfold in the
order which is solely dependent on their intrinsic stabilities.

normalized emission maximum

[urea] (M)

Ficure 2: Denaturant induced equilibrium unfolding of different The column was calibrated in the same buffer with alcohol-

scFv fragments. Unfolding was followed by the change in fluo- dehydrogenase (150 kDa), bovine serum albumin (66 kDa),
rescence emission maximum (excitation 280 nm). For better carbonic anhydrase (29 kDa), and cytochran{é2.4 kDa)

comparison, unfolding curves are normalized with the exception as molecular mass standards. The amount of monomeric

of 2¢, where the emission maximum raw data are shown, because, ; ; i ; i
VTS ° ' rotein was quantitated by integrating the peak eluting at

normalization was not possible due to the lack of a complete P 9 y 9 9 P 9

transition and a post-transition region. Efect of stabilizing first about 1.2 mL, which corresponds to monomeric scFv
Vi, then \(. Unfolding curves of A48 ~(H2) (a), A48~ ~(H3) (), fragment. All scFv fragments were analyzed before the
and A48 —(H3L1) (m). (b) Comparison of “hybrid” sck with and temperature incubation, immediately after 20 h of incubation
without interface disulfide bond and the constituent:sitBgments at 37°C, and again after 120 h incubation at 3Z. The

Unfolding curves of 4D5@), A48"*(H2) (+), A48+t(H2L1) (O), ; ; ;

“hybrid” scFv consisting of the  domain of 4D5 and the ¥ glcfubated sla_mplesh were Cer?mfu%ed for 5 min at 1?)00
domain of A48+(H2) (v), “hybrid” scFv (SS) with interface efore applying them to the column to remove large
disulfide bond between the mutated positions H44 and L%)0 (  aggregates which might block the Superdex-75 column.
(c) Demonstration of the extraordinary stability of “hybrid” sef

(SS).The scFv fragment starts denaturing only at aboM urea. RESULTS

(d) Effect of an interface disulfide bond on an sdfagment with

intrinsically very unstable domaing/nfolding curves of A48~(H2)- Protein Expression and PurificatioriThe purification

. Q ; . A . . .
Ei%%)aisnc%)@'l"hlés i’i‘éﬁi}/g | (szjc?rggﬁmceﬁr)iezn?hgsi rﬁfa%\émain yields of the periplasmically expressed A48 scFv fragments

disulfide, differing from the Y domain in the A48 ~(H2)(SS) scFv. were about 1.2 mg f+or A48 and A48H(H2)’ r_eSpeCtively’
Both isolated domains denatured significantly earlier than the scFv and 0.7 mg for A48*(H2L1) per liter ofE. coli IM83. The

fragment. scFv fragments expressed as cytoplasmic inclusion bodies
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&  digestion time

§ '
§ 5 10" 30' 1h 2h 4h 6h 13.5h ﬂ 16
| =g
Thermolysin— R
F1 . 21.5

F2= r - —— 14.5

Ficure 4: Limited thermolysin digestion of 4D5 scFv fragment in the presericg d GdnHCI (which is the concentration wherg,V

appears to be denatured and 8ems to be folded, based on the transition curve). Even after long digestion time, mainly two fragments
(labeled F1 and F2) which convert to one fragment (F2) after 13.5 h digestion accumulated, which both had the same N-terminus of the
4D5 V. domain—indicating that the 4D5 Vis indeed still native under these conditions. Note that the marker band is distorted by the
GdnHCI present in the samples running in the neighboring lanes.

yielded between 20 and 40 mg of purified proteiiZLcoli The emission maximum of all the mutants derived from
BL21 after in vitro refolding. Only the mutant A48 (H3L1) A48~ ~ was close to 333 nm for the native proteins, while
had a significantly lower yield, and only about 2 mg of the A48+ scFv fragments and the A48H1) had an
purified scFv fragment was obtained upon refolding of this emission maximum of 336 nm. This shift in the emission
protein per liter of culture. The purification yield for the maximum can be explained by the presence or the absence
isolated A48\, (H2) was 2.9 mg/LE. coli BL21. Purifica- of the V_ intradomain disulfide bond, which is known to
tion of the 4D5 scFv, secreted into the periplasm, resulted quench the fluorescence emission of the Trp residue in its
in about 10 mg of pure protein/E. coli IM83 (14); the vicinity (26). The 4D5 scFv fragment as well as the “hybrid”
“hybrid” scFv was even better expressed in the periplasm, scFv fragment had their fluorescence emission maximum at
yielding up to 13 mg of scFv protein after purification from 336 nm, demonstrating that also in the “hybrid” scFv the
1 L of culture. The purification yield of the “hybrid” scFv  interface between ¥ and M had been formed. If the

was, however, dramatically reduced to about 450L E. interface had not formed in this variant, the spectrum of the
coli IM83, when the interface disulfide bridge between H44 native “hybrid” scFv would be an algebraic sum of native
and L100 was inserted. Vy and M, which would clearly result in a higher maximum

Urea- and GdnHCl-Induced Unfolding/Refolding Equi- than 336 nm 27), because of the exposed interface Trp
libria. The normalized denaturation curves of all investigated residues of ¥ and the subsequent red-shift in the fluores-
mutants used for the scFv classification are depicted in Figurecence emission maximum. The fully denatured proteins had
2, panels a, b, and d, while the curves of those A48 mutantsall emission maxima around 34850 nm, consistent with
additionally analyzed for their thermal aggregation properties the emission maximum of Trp in aqueous soluti@8)(
are shown together with the respective aggregation data in  Figure 2a shows an overlay of the denaturation curves
Figure 5. Note that some curves are presented in both ﬁgureSCeresponding to the three related scFv fragments A¢82),
While the shift in fluorescence emission maximum indicates A48~ —(H3), and A48 ~(H3L1) which differ only in stabiliz-
the transition regions and the respective plateaus before andng point mutations. The A48-(H2) scFv fragment showed
after the transition, it does not quantitatively reflect the a relatively flat transition (filled triangles compared to filled
fraction of unfolded protein in those cases which are not squares). We interpret this as the two domains denaturing
two-state transitions. Theaxis is therefore labeled “normal-  slightly one after the other. Upon addition of the mutation
ized emission maximum”, rather than “fraction unfolded”. H-Y92V, which stabilizes V, a clear step appeared in the
The reason for nevertheless presenting the data in thisdenaturation curve of this scFv fragment (striped open
normalized form is that this representation allows us to squares), and the upper part of the denaturation curve in
compare the position of different curves better than if the A48~ —(H3) was shifted by about 0.6 M urea to higher urea
raw emission maximum data were shown. concentrations. When the \étabilizing mutation L-T8P was

For the very stable mutants in Figure 2b, the stronger introduced into the latter scFv fragment as well, generating
denaturant GdnHCI was used, while urea was used to inducethe fragment A48~ (H3L1), this step disappeared (filled
unfolding of the less stable proteins in Figures 2, panels a squares), because the lower part of the denaturation transition
and d, and 5a. However, our interpretation does not requirewas now shifted to higher urea concentrations, while the
a quantitative comparison between urea and GdnHCI curves.upper part remained unchanged.
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In Figure 2b, an overlay of five different GdnHCI

£ 14

.% o5l denaturation curves is depicted. The denaturation curves of
£ the A48 +(H2) and A48 (H2L1) fragments both showed

§ o6 clear steps in their transition curves. It can thus be seen that
£ o4l the additional L-T8P mutation did result in a shift of the

b lower curve to higher denaturant concentratiesnilar as

g 0.2 seen in Figure 2a for the fragment A48H3) and

5 ok A48~ ~(H3L1). However, in contrast to A48 (H3L1), a

clear intermediate species remained in the A4BI2L1)
(open circles). The denaturation curve of the scFv fragment
1000 S 4D5 (filled circles) did not show such an obvious step.

E 800 b vt @j Pog However, a very small step is apparent at abot22® M

8 . E : g GdnHCl in the region where many data points were collected.
o 600 ;é’ s i § Several pieces of supporting evidence (see below) suggest
S 400l _aa_ .7 SR S that this is a real transition, in which, \fs denaturing, while

g Y S Vy is already denaturing at about 1.5 M GdnHCI.

5 ioas F Since the small step in the 4D5 unfolding curve is believed

; to represent an equilibrium intermediate with nativeand

30 40 50 60 70 80 denatured V (see below) and since the clearly visible steps
in the A48 "-derived mutants represent intermediates with
native iy and denatured V(9), the “hybrid” scFv consisting

of the very stable VY domain of 4D5 and the very stable,V
domain of A48*(H2) should then be extraordinarily stable.
Indeed, this “hybrid” scFv fragment turned out to be not only
extremely well expressed in the periplasm (13 mg/L after
purification), but also to be highly stable, starting denatur-
ation only at about 2.5 M GdnHCI with a midpoint at 3.0 M
GdnHCI (Figure 2b, open triangles). This “hybrid” scFv

light scattering 500 nm

30 Aotempg'gawre ?pc) 70 80 cpuldl be even further sta_tbilized by intr_oducing the interface
disulfide bond, resulting in a further shift of the denaturation

& d curve by about 0.4 M GdnHCI to higher denaturant concen-
701 hag " (HaLY) tration (Figure 2b, filled triangles), but at the expense of

lower expression yields (see above). Figure 2c underlines
the extraordinary stability of the “hybrid” (SS) scFv frag-
a7t RS (HRIED) ment. It starts denaturing only at aliod M urea, a
50 mssgun) Moy concentration where many scFv fragments have already

! finished their transition and are fully denatured. In this
' . particular case, the raw data of the emission maximum are
2 3 4 5 6 7 8 shown, because the curve could not be normalized due to

midpoint urea denaturation (M} . . .
the absence of the transition and post-transition region.

Ficure 5: Correlation between urea denaturation midpoint and T_he tranSI_tlon CUFV? of the other_lnterface disulfide bridged
aggregation temperature in A48 scFv fragments. (a) Normalized Variant studied, A48~(H2)(SS) (Figure 2d, open squares),
urea equilibrium unfolding curves. Unfolding was followed by the is overlaid with the curves corresponding to its isolated V
change in fluorescence emission maximum (excitation 280 nm). domain (crosses) and its_ \domain (dotted open circles),
The broken line indicates an emission maximum halfway between which, however, carries an intradomain disulfide bond. Note

native and fully denatured state. The particular scFv fragments are o . R
indicated as follows: A48-(H1) (A), A48~ ~(H2) (a), A48—F(H1) that the same Vdomain without the intradomain disulfide,

(©), A48~ —(H3L1) (W), A48~ —(H2)(SS) (), A48 (#), and as present in A48 (H2)(SS), could not be successfully
A48t1(H2L1) (O). (b) Thermal aggregation of the different A48 expressed on its own, probably due to its low stability (data
scFv fragments, measured by light scattering at 500 nm as a functionnot shown), as it would be expected to have an even earlier
of the actual temperature in the cuvette. The same symbols as iNtransition than the Vdomain with the intradomain disulfide.

panel a are used for the different A48 scFv mutants. Representativ o - .
examples of the aggregation curves, which were performed ineThe transition of the A48~ (H2)(SS) fragment occurred with

duplicate or triplicate for all proteins, are shown. (c) Demonstration @ midpoint at about 4.8 M urea and therefore significantly
of reproducibility of aggregation measurements. The three measure-later than the transition of either of its constituting domains.
ments [number 1<), number 2 #) and number 3 @)] for The seven different A48 mutants used for comparison with

A48~ ~(H1) were performed on different days. (d) Overall linear . . . .
correla(tion) of ag%regation temperature a)r/1d (m)idpoint in urea thermal aggregation propgrtles (Figure 5) denatgred aF Wld.ely
unfolding curves of different mutant A48 scFv fragments. Each different urea concentrations, from a denaturation midpoint

point represents one of the seven A48 mutants under investigation.of 2.7 M for the scFv fragment A48 (H1) to 6.6 M for the
The numeric values are summarized in Table 1. They are extractedcysteine-restored variant A48H2L1) (Figure 5a, see Table
from panel a and from averaged aggregation temperatures, obtained o exact numbers of denaturation midpoints).

from two or three independent measurements for each protein, Limited Prot Di fi Studiesft | d
analogous to the one depicted in panel b. Error bars indicate the =/MIt€d Frotease Ligestion Studiesiter prolonge
upper and lower limit of replicate measurements. The linear fit had thermolysin digestion of the 4D5 scFv fragment in the

a correlation factor oR = 0.97. presence ©2 M GdnHCI, mainly two fragments of about

65
60+
554

454 FA48(H2)
40

aggregation temperature (°C)
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Table 1: Summary of Urea Denaturation Midpoints, Averaged to take the midpoint of the first transition of the denaturation

Aggregation Temperatures out of Three Independent Measurements curve for use in Figure 5d, as the protein loses its function
for Each Protein and Percentage Monomeric scFv Fragment after 20 there. However, the change from a clear two-step transition

and 120 h of Incubation at 37C for Seven A48 scFv Fragments to a clear one-step transition in the equilibrium denaturation
monomeric monomeric curves is gradual. A classification of the scFv fragments into
- rgidpoint urea averaged S%';Vhaftﬂ ng(\)/ ﬁlﬂef two groups, where either the midpoint of the entire transition
CFV enaturation aggregation at at H “ » e H
fragment M) temp €C)  37°C (%) 37°C (%) or qf the _ f|r_st step” of the traneltlon is taken as a
— semiquantitative measure of stability would therefore be
ﬁig* 7%:3 %; Z‘;i 38-% 8 arbitrary. We thus decided to use the midpoint of the entire
A48 F(H1) 38 53.0 80.7 412 transition in all cases, even if the transitions are clearly not
A48~ ~(H3L1) 4.0 53.0 84.5 29.3 two-state.
ﬁigg(HZ)(SS) 54-67 6535-20 9895-24 9307-33 Analytical Gel Filtration.After 20 h of incubation at 37
A48+ (H2L1) 66 70.8 940 918 C only the two least stable variants A48H1) and

A48~ ~(H2) showed a significant decrease in the amount of
. ] remaining monomeric protein (open circles, Figure 6a). For
14 and 16 kDa accumulated (Figure 4). N-Terminal sequenc- 4| other scFv fragments, more than 80% was still monomeric
ing confirmed that they both were N-terminal fragments of protein. Apparently, the incubation time of 20 h was not long
the scFv, starting with the N-terminus of the 4ADbdomain.  enough to distinguish between the more stable scFv frag-
After further digestion overnight, only the lower molecular ments. Interestingly, only 1.7% of A48 (H2) was mono-
mass fragment F2 remained visible, although clearly reducedyeric after 20 h at 37C, while 30.1% of A48 ~(H1)

In intensity. survived the same treatment as monomeric species. There-
Determination of Aggregation Temperaturs soon as  fore, these gel filtration data reflect the slightly lower
protein aggregation started upon increasing the temperatureaggregation temperature measured for the scFv fragment

the scattered intensity at 500 nm rose rapidly and signifi- A48~ ~(H2) compared with A48~(H1), while they do not
cantly, until the maximum intensity measurable by the correspond to the higher denaturant midpoint of A4g42).
fluorimeter was reached (Figure 5b). Some slight scattered apparently, the mutation H-N52S is stabilizing in equilibrium
intensity was present from the beginning, probably caused yrea denaturation but negatively influences the aggregation
by occasional dust particles present in the protein sampleSpehavior upon heating the protein.

despite filtering the samples with Qu2n filters prior to the When the incubation time at ¥TC was extended to 120

measurement. This initial background scattering of_the h, more of the mutants could be compared, as they were no
dlfferent ian;]p_lesbwlas sur:)tracted_, _and thus the sca:cterlnﬁ aFonger all stable and the proportionality range in the plot of
25 °C, which is below the transition temperature for all ,qoreqation temperature versus monomeric protein was

mutants, was normalized to zero prio_r to analysis of the d.ata'shifted to higher aggregation temperatures (filled triangles,
The measurements (duplicates or triplicates for all proteins) Figure 6a). After 120 h at 37C, only the cysteine-restored

were quite reproducible, as shown, as an example, by the ariants were still more than 90% monomeric, whereas in
three measurements of the scFv fragment A4@i1),

: i . all other variants, less than 40% of scFv protein remained
performed on different days (Figure 5c). The error bars in qnmeric. On the other hand, a discrimination between the
Flgu.re_5d indicate the upper and lower extremes of duplicate ,\,; |east stable scEv fragments A4gH1) and A48 ~(H2)
or triplicate measurements. was now no longer possible, because both these proteins were

The aggregation temperatures averaged from these measgompletely aggregated after 120 h incubation atG7while
urements were between 45:C for A48"~(H2) and 70.8  they could still be distinguished after 20 h of incubation. A

°C for scFv A48(H2L1). The fragments A48"(H1) and  (epresentative set of gel filtration chromatograms is shown
A48~ ~(H2) had similar aggregation temperatures. The j, Figure 6b. The overlay of the curves obtained for the
additional H-N52S mutation in A48 (H2) apparently  fagment A48+(H1) without incubation at 37C and after
caused a decrease of aboliin the aggregation temper-  50°and 120 h of incubation at 3T demonstrates that the
ature, while the_same_mutatlon had caused a shift to h'gheraggregation peak did not increase proportionally to the
urea denaturation midpoints (Figure 5a, Table 1). The yecrease of the peak representing monomeric scFv fragment,
A4877(H1) and A48 ~(H3L1) fragments showed identical gt |ikely because larger aggregates were removed by
averaged aggregation temperatures of SEQ consistent  cenrrifugation before all gel filtration runs.

with their similar denaturation midpoints. The interface- . S .
. : = ) . The urea unfolding midpoints, the averaged aggregation
bridged variant A48" (H2)(SS) had its onset of aggregation temperatures from duplicate or triplicate measurements, and

at 55.0°C. Significantly higher denaturation temperatures : .
the percentage of monomeric protein after 20 and 120 h of
° + ° ++
of 63.2°C (A48™) and 70.8°C [A48™(H2L1)] were incubation at 37C are summarized for the seven analyzed

observed for _the two cystelne-rester_ed variants. Overall, A 748 SsCEv fragments in Table 1.

good correlation (correlation coefficient 0.97) was found

between the denaturation midpoints in urea unfolding and 5,5cuyssiON

the aggregation temperatures identified, when comparing all

seven scFv fragments (Figure 5d). On basis of the different shapes of the denaturant-induced
We have to point out, however, that thealues in Figure equilibrium unfolding curves and on the interpretation of the

5d are not completely unambiguous. Especially in the fluorescence spectra, which can be assigned to denatured,

mutants with two obvious transitions, like A#§H2L1) or, native, and assembled domair®7)y, we propose a clas-

less pronounced, A48, one would, strictly speaking, have sification of scFv fragments regarding the relative stability
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scFv fragment, the stabilizing contribution of the interface,
and the stability of the entire scFv fragment.

. 58 5
i T ig% . =y The basis for the classification is the interpretation of the
o b o bo ko © X fluorescence spectra of antibody domains. They are es-
< < < < < < <t . . . .
< < <g,< < <f < sentially govern_ed by the mtrmsu; tryptophan fluorescence,
< 100] a even when excited at 28_0 nm, since the absorban_ce at 280
< nm and the quantum vyield of emission of tyrosine and
g 80 phenylalanine is much lower than the respective values for
g tryptophan 80), and since the compact folded state of native
g 60 proteins allows efficient nonradiative energy transfer from
Z phenylalanine to both tryptophan and tyrosine and from
S 40 / tyrosine to tryptophan residue3lj. From the study of single
L % domains and their associatid® @7), a few general conclu-
@ / sions can be drawn. Mn general carries a single conserved
§ 20, Trp at position L35. This is almost completely quenched in
S the native state and thus contributes very little to the spectrum
E 0f : : of a native scFv. In contrast, \Wusually has 45 Trp
45 50 55 60 65 70 residues, one of them at the corresponding position H36, the
aggregation temperature (°C) others at positions quite solvent exposed in the isolated V
domain. Since this Trp H36 contributes only a small fraction
ADH AlbCA Cyt-c to the fluorescence of nativepythe observed red-shift in
0.25 —L ' fluorescence emission maximum upon denaturation of an
b ho incubation at 37°C isolated \; domain is usually only a few nanometei3; (
0.2 g/ 27). In the case of disulfide-free variable domains, the
% i’é/%hat 37°C guenching of Trp L35 upon folding is less pronounced,
& 0.154 5% resulting in an enhancement of fluorescence intensity of this
g 'Xf‘: deeply buried residue in the native state, which shifts the
S 0.1 : b entire emission maximum of the scFv fragment to a discern-
g_ :,‘i 120 h at 37°C ible lower wavelength. When ¥and \{. form a complex,
2 0.05- aggregates A some Trp residues (usually around 3, the ones at position
© - H47 and H103 being highly conserved) become buried in
0. § the interface, and thus, their emission maximum is shifted
' \ ‘ j to lower wavelength.

It is also customary to analyze equilibrium transitions by
following the fluorescence intensity, for example at 350 nm
FiGURE 6: Thermal aggregation of different A48 scFv fragments (8)- Anincrease in the fluorescence intensity at 350 nm upon
after prolonged incubation at 3T. (a) Correlation between the ~ denaturation of YV (9, 27), an increase27) or decrease9)
aggregation temperature and the percentage of monomeric scFwupon denaturation of ¥, and a slight decreas@q) upon
]ErAa)gT;integfi?:}mq%ea;tﬁ]roﬁgtgflrrlwcgr?:rtrlm%rr]icat %{e(iﬁ)wgrs 1%J%r?tifie 4 disruption of the interface can be observed. These intensity
by ’integrating ¥he peak representing moncr;meric scqufragment chan_ge_s are, howeve_r, Strongly scFv d(_apen_dent, and general
which eluted from a Superdex-75 analytical gel filtration column. Predictions about their amplitude and direction are therefore
(b) As a representative example, an overlay of the analytical not possible. In addition, the denaturation of one of the
Superdex-75 gel filtration chromatograms of A48H1) without domains of the scFv fragment will in most cases happen
incubation () and after 20@) and 120 Q) h of incubation at 37 gjmyitaneously with interface disruption (with the exception
°C is shown. Monomeric scFv eluted at about 1.2 mL. The amount - .
of remaining monomeric species decreased with increasing incuba—mc case IV, see below). Therefore, the changes in intensity
tion time. Elution volumes of molecular mass marker proteins are @t 350 nm can mutually compensate each other. Note that
indicated: alcohol-dehydrogenase (ADH) (150 kDa), bovine serum this effect is not observed when fluorescence emission
albumin (Alb) (66 kDa), carbonic anhydrase (CA) (29 kDa), and maximum data are analyzed, because here all three processes
cytochromec (cyt-c) (12.4 kDa). (denaturation of M, Vi, and interface disruption) cause a
of Vi, Vy, and the interface. We will discuss in detail change of the emission maximum to higher wavelength, i.e.,
examples for the different classes, and we also show howin the same direction (see below), albeit by only small
the stability of a scFv fragment can be increased, once it amounts for some transitions. Nevertheless, in some cases,

has been grouped into one of the proposed classes, bythe intensity data may give supporting information about

075 1 125 15 175 2

elution volume (ml)

identifying and then improving the stability limiting part.
First proposed by Brands and co-workerd9)( and
discussed previoushg], the total stability of a domain A in

equilibrium intermediates and can corroborate the occurrence
of two-state transitions.
In our experiments, we estimate thermodynamic stabilities

a two-domain protein AB, such as an scFv fragment, is the from the urea denaturation transitions only semiquantitatively
sum of the intrinsic stability of A and the stabilizing by giving the midpoints of the unfolding curves. As is well-
contribution of the interface. The intrinsic stability is the known, one can derivé\G values from unfolding curves
stability in the absence of any interacting domain. Different (32), but a necessary prerequisite for this procedure is that
extreme cases can be envisaged, depending on the relativéhe unfolding follows the two-state model or that the curve
intrinsic stabilities of the isolated Vand \,. domains in an can clearly be broken down in several two-state processes.
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In the present set of scFv fragments, however, this prereg-equilibrium unfolding curve based on the emission maxi-
uisite is clearly not fulfilled for most of the mutants. In the mum. However, the transition region can be conspicuously
two-state model, thervalue, which describes the steepness gradual, which is a consequence of the two domains
of the transition curve, also affects the calculation of free unfolding one right after the other. Therefore, the transition
energies, by affecting the extrapolation to zero denaturantmay only seemingly be two-state, but is actually a superposi-
(33). However, in our scFv fragments, the steepness is tion of two transitions occurring quite close together. Any
influenced in most cases by the fact that the two domains of minor further stabilization of the intrinsically more stable
the scFv fragment do not unfold cooperatively, but one after domain will result in a step in the denaturation curve and
the other, even if no obvious step is visible in the unfolding therefore lead to class I.

curve, such as, for example, described for the A4812) ScFv fragments falling into class Il (Figure 3) consist of
scFv fragment above. This observation may actually apply two domains of relatively low intrinsic stability which are
to many scFv fragments, in which case calculation&Gf linked by a very stable interface. In this situation, the

values are not appropriate, and we suggest to give only thetransition of the entire scFv fragment in equilibrium unfold-
denaturation midpoints as semiquantitative stability estimates.ing takes place much later than the transition of either isolated
Moreover, deriving free energies from fluorescence emission domain. Each domain provides extrinsic stabilization to the
maximum curves is problematic in general, because this maypartner domain, and an early disruption of the interface,
only be adequate when the fluorescence emission maximumwhich would leave the domains only with their low intrinsic
changes proportionally with the population of macrostates, stabilities, is prevented. Because of the low intrinsic stabilities
i.e., when it reflects the mole fraction of native and denatured of the isolated domains, the breaking up of thg-W_
molecules. This will only be the case if the quantum yield interface is necessarily linked to the immediate denaturation
of native and denatured states is the saB)e ( of the isolated domains, which are already far above their
In the present classification, we refer to the domains as intrinsic stability at the denaturant concentration where the
VA and Vs, where either one can bey\or V.. Thus, the interface disrupts. A steep transition of the unfolding ctrve

classification is based on relative stability of Versus \4, in this case describing a real two-state transitiand

and we define Y as the intrinsically more stable domain. transition curves of the isolated domains with transitions at
Thus, there can be two subcases, one wherésWy, the much lower denaturant concentration than the curve of the
other where Y\ is V|, and \ is the respective partner. scFv fragment are experimental evidence for this kind of

Classes of Sci Fragments.In class | (Figure 3), the  behavior.
intrinsic stability of one domain is significantly higher than A further case one might postulate is class IV (Figure 3).
the total stability (intrinsic plus extrinsic contribution) of the In this situation, two intrinsically very stable domains are
other domain. Consequently, an unfolding intermediate will linked by a weak interface. The breaking up of the-W_
accumulate at equilibrium, where one domain is completely interface will occur at lower denaturant concentration than
unfolded while the other domain is still native. A visible the denaturation of either of the domains. The order of their
step in the unfolding curve is one indication for this kind of subsequent denaturation will solely depend on the relative
scFv fragments. This step in the fluorescence emissionintrinsic stabilities of 4, and V.. Although we could not
maximum representation will be relatively large and easy to find any scFv fragment belonging to class IV so far, we
make out if { denatures earlier thanyymainly due to the  should be able to predict how such a denaturation curve
interface Trp residues of V/(see above) which become should look like. The processes, disruption of the interface,
solvent-exposed upon denaturation qf. V denaturation of \{, and denaturation of Mwill all result in

If Vi denatures before Y however, the step will usually  a red-shift of the fluorescence emission maximum, because
be much more difficult to discern, becausghéas often only Trp residues, which were in the hydrophobic interface region
one Trp residue (see above), and therefore the further shiftor in the interior of the domains in the native protein, will
in the fluorescence emission maximum caused by denatur-then become solvent exposed. Therefore, the first step in the
ation of Vi in the presence of an already denaturedwill fluorescence emission maximum transition should be caused
be relatively small. The exact size of the observed step will by disruption of the interface and subsequent exposure of
vary from scFv to scFv and be mainly dominated by the the Wy Trp residues positioned in the interface region. The
amount and position of the Trp residues in ¥d .. An resulting spectrum would be the computational addition of
important piece of further experimental evidence for such the spectra of W and V. The first step will be followed
an equilibrium intermediate with one domain being native by a second and perhaps third step in the denaturation curve,
and the other being unfolded is that the denaturation of the depending on whether theyVand . domain happen to
isolated more stable domain will occur at the same denaturantdenature at the same denaturant concentration or differ in
concentration as the second step in the scFv unfolding curvetheir intrinsic stability. In class IV, in contrast to class |, the
(9). Moreover, limited thermolysin digestio®,(24) of the first transition should occur at lower denaturant concentration
scFv at the particular denaturant concentration where thethan the transition of either isolated domain.
intermediate is expected, based on the unfolding curve, Examples of Sc#Fragments for the Different Classes.
should result in the accumulation of a stable core fragment One scFv fragment which can be placed into class | (Figure
comprising the more stable scFv domain. 3) is A48 (H2) [A48cys(H-K66R/N52S)], whose unfolding

In class Il (Figure 3), the intrinsic stability of one domain equilibrium intermediate with native yand denatured V
is in the same range as the total stability of the other domain. has been described in detail befd® The same relationship
This means that the interface has increased the total stabilitythe intrinsic stability of \4 being significantly higher than
of the weaker domain to almost the same level as the stabilitythe total stability of \V—is also found in the scFv fragment
of the stronger domain. No step will be detectable in the A48~ ~(H3) (Figure 2a) described in this study. In this
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mutant, we see a clear step in the fluorescence emissionA48Vy~(H2) domain, which is part of this scFv, has a
maximum unfolding curve, representing such a defined denaturation midpoint at 3.3 M urea, which is also clearly
equilibrium intermediate. earlier than the A48~ (H2)(SS) scFv transition. It can be
An example of the reciprocal case, where the intrinsic noticed that the A48~ (H2)(SS) has indeed a rather steep
stability of V| is significantly higher than the total stability transition curve and represents probably the only scFv
of Vi and where an equilibrium intermediate with native fragment among the A48 mutants analyzed here which has
V. and denatured ¥ accumulates at equilibrium at about a two-state unfolding behavior.
2—2.5 M GdnHCI concentration, is the 4D5 scFv fragment.  Predictions of how the corresponding scFv fragments can
We have described the urea unfolding of this scFv fragment be further stabilized can immediately be derived from the
before (4), without being aware of such an intermediate. classification of a given scFv fragment. The A48H2) scFv
The reason for this is that even at the highest ureafragment could, for example, be stabilized by introducing
concentration used in our previous experiment (9 M), the the \ stabilizing mutation L-T8P, creating the scFv fragment
unfolding of Vi had probably not completely occurred yet. A48t*(H2L1), because Vwas (and still is) limiting for the
Only with GdnHCI as a much stronger denaturant the secondstability of this scFv fragment (Figure 2b, open circles). The
transition becomes apparergven though it is very hard to  identical situation applies to A48 (H3) (Figure 2a). Here,
make out in the unfolding curve by monitoring the fluores- the addition of the L-T8P mutation also caused a shift of
cence emission maximum (Figure 2b), for the reasons the first part in the unfolding curve, representing the V
mentioned above. However, corroborating evidence could transition, to higher denaturant concentrations (Figure 2a,
be obtained by limited thermolysin digestion, similar to the closed squares), thereby stabilizing the scFv fragment.
reciprocal case with nativejvand denatured Min A48**(H- The 4D5 scFv fragment, on the other hand, can only profit
K66R/N52S), observedteg M urea before §). Limited from stabilizing its \{; domain, which is clearly limiting for
thermolysin digestion of the 4D5 scFv fragment in the the stability of this scFv fragment. In fact, we could create
presence ©2 M GdnHCI resulted in the accumulation of the extremely stable “hybrid” scFv fragment, denaturing with
initially two main bands which both contain the entire V. an unfolding midpoint of 3.0 M GdnHCI, by genetically
domain, and, after very long digestion convert into one main linking the very stable Ydomain of the scFv fragment 4D5
fragment (Figure 4). This underlines that the domain of to the very stable ¥ domain of scFv A48%(H2) (Figure
the 4D5 scFv fragment is indeed structured under these2b). This “hybrid” scFv fragment, although not binding any
conditions, while V, is not. Further evidence for the antigen at present, may be a very suitable acceptor in CDR
equilibrium intermediate present in the scFv fragment 4D5 grafting experiments (Vo et al., manuscript in preparation).
at 2 M GdnHCI comes from kinetic experiments showing Besides its extraordinary stability it is also very well
that 4D5 scFv fragment refolded fro2 M GdnHCI is expressed.
lacking the slow Pro-isomerization limited phase, suggesting To prove the more or less additive effect of intrinsic and

that the Pro L95 is still in a cis configuration2aM GdnHCI. extrinsic stability contributions further, we have inserted an
This demands that the 4D5, \omain must still be native interface disulfide bond into the “hybrid” scFv fragment. This
under these condition$4). disulfide bond did, as seen in Figure 2b, indeed cause a

An example for a scFv fragment where the intrinsic further shift of the GdnHCI denaturation curve to higher
stability of one domain is in the same range as the total concentrations, because the two domains are now “forced”
stability of the other domain and which can therefore be to remain associated longer, providing more extrinsic sta-
placed into class Il (Figure 3) is A48 (H2). As seen in bilization to the partner domain. The “hybrid” (SS) scFv
Figure 2a this scFv fragment has a conspicuously flat fragment remained native up to alhduM urea (Figure 2c).
transition curve. Evidence for the fact that this transition is The dramatically decreased purification yield of the peri-
actually a superposition of two transitions occurring close plasmically expressed interface-bridged variant “hybrid” (SS)
together, first VY, then \f;, comes from the fact that a step scFv, however, was to be expecte85) because the
becomes apparent in the unfolding curve of the scFv additional two cysteines H44 and L100 will allow the
fragment, as soon as the;\domain in this scFv fragmentis  formation of multiple incorrectly disulfide bridged variants
further stabilized by introducing the additiona}, Yhutation in the oxidizing environment of the periplasm.

Y-92V. The same situation applies to A#8 described ScFv fragments belonging to class IV (Figure 3), if they
previously 0), since in this scFv fragment the flat transition occurred, could clearly be stabilized by stabilizing the V
curve is also resolved into a clear two-step transition, V| interface, possibly by introducing an interfacdisulfide
represented by a step in the denaturation curve, as soon abond. It may be more difficult to gain further stabilization
the already slightly more stable jVdomain is further of scFv fragments with domains of low intrinsic stability,
stabilized by introducing the mutation H-K66R. linked by a very stable interface (class lll in Figure 3),

Finally, we want to give an example for class Il (Figure because one of the domains would have to be stabilized
3), the situation where two intrinsically quite unstable significantly to provide further extrinsic stabilization to the
domains are linked by a very stable interface. We have other domain.
created such a molecule in the case of the interface disulfide- While it may sometimes be difficult to group any given
bridged variant A48 ~(H2)(SS). The midpoint of its transi-  scFv fragment into one of the proposed classes, especially
tion is at 4.7 M urea (Figure 2d). The corresponding isolated since the borderlines are often not that clear, we believe that
V. domain, however, evewith the disulfide bridge, dena-  such a classification is very useful for increasing the stability
tures with a midpoint at 2.3 M urea, as analyzed previously of a scFv fragment. Clearly, the prerequisite for such an
(9). The disulfide-free one would be even significantly less undertaking is the knowledge, which part of the scFv is
stable, and expression by itself was not feasible at all. The limiting for its stability and therefore needs to be improved.
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Correlation between Urea Denaturation Midpoints and to qualify that “stability” of a scFv fragment in the human
Aggregation Properties.The strong overall correlation body, defined as functional half-life, is undoubtedly much
between the midpoint in urea denaturation and the aggrega-more complicated and will not only be influenced by thermal
tion temperature observed in the seven mutants of the A48aggregation but also by proteolysis, blood clearance and other
scFv fragment investigated is in agreement with similar effects. It is a very important challenge to understand the
results described for other model systems. Chrunyk and molecular basis of these different contributions in the future.

Wetzel @5) investigated the relationship between aggregation

temperature and thermodynamic stability in different Inter- REFERENCES

leukin-18 point mutants and also found a general propor-
tionality, although one mutation resulted in a protein
aggregating 7C lower than expected from its thermody-
namic stability. A similar situation in the A48 scFv fragment
model system is observed in the case of the H-N52S
mutation, which stabilizes the protein during equilibrium
unfolding in urea, causing a shift of the transition curve to
higher urea concentration, but slightly decreases the ag-
gregation temperature. The mechanistic reason for this
discrepancy, however, cannot be extracted from our experi-
ments.

With our model system, we can show that the overall
strong correlation of aggregation temperature and urea
unfolding behavior seems to be valid over a wider range of
stabilities than ever tested before. While the eight Interleukin-
15 variants investigated by Chrunyk and Wetzel all ag-
gregated within a window of 6C (25), the most stable and
the least stable A48 scFv mutants investigated here differ in
their aggregation temperature by 25C. Moreover, the
long-term stability against aggregation at 37, monitored
by analytical gel filtration, is also closely linked to the actual
aggregation temperature determined by light scattering.

In many proteins, partially unfolded intermediates expose
hydrophobic parts, which are buried in the native structure
and are believed to be responsible for aggregatén-40).
These intermediates may be populated in equilibrium unfold-
ing transitions, but they are kept in solution by the action of
the denaturant3g), which may directly interact with the
protein and influence the properties of the solvent. Therefore,
a correlation between thermodynamic stability and aggrega-
tion temperature would require that the intrinsic aggregation
rate of the intermediate is about the same for the mutants
and that the mutations only influence under which environ-
mental conditions (temperature or denaturant) this intermedi-
ate is significantly populated. However, the overall rate of

aggregation and the temperature influence may also depend

on the aggregation rate of the intermediate itself. In addition,
single mutations may act by favoring non-native interactions

that stabilize aggregates, without necessarily decreasing the 19.

thermodynamic stability of the native protein. The possible
effects of single mutations on the mechanism of aggregation
are comprehensively reviewed in réf.

In summary, our studies demonstrate that thermodynamic
stabilities and thermal aggregation correlate well for the scFv
fragments investigated. Thus, measuring scFv stabilities by
analyzing denaturation induced unfolding curves and their
interpretation as detailed here may turn out to be a good
predictor for scFv stabilities during in vivo applications and
pave the way to highly robust antibody fragments. Indeed,
an improved in vivo performance of a scFv fragment with
increased in vitro stability has been reported for a mutant
scFv fragment derived from the mAb B®)(and for a
stabilized version of the MOC31 scFv fragment (Willuda et
al., manuscript submitted for publication). However, we have
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