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in the refolding of an antibody scFv fragment
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Abstract

The refolding kinetics of a single-chain FscFy) fragment, derived from a stabilized mutant of the phosphorylcholine
binding antibody McPC603, was investigated byHexchange and ESI-MS and compared with the folding kinetics

of its constituting domain¥y andV, . BothV; andV,_ adopt essentially native-like exchange protection within the dead
time of the manual-mixing MD exchange experimeiil0 9 and in the case d¥,_, which contains twais-prolines in

the native conformation, this fast protection is independent of praigyéransisomerization. At the earliest time point
resolvable by manual mixing, fewer deuterons are protected in the scFv fragment than in the two isolated domains
together, despite the fact that the scFv fragment is significantly more stablevthand V4. Full H/D exchange
protection in the scFv fragment is gained on a time scale of minutes. This means that the domains in the scFv fragment
do not refold independently. Rather, they associate prematurely and in nonnative form, a kinetic trap. Unproductive
domain association is observed both after equilibrium- and short-term denaturation. For the equilibrium-denatured scFv
fragment, whose native structure formation is dependent @is @onformation of an interface proline i, this
cis/transisomerization reaction proceeds about one order in magnitude more slowly than the escape from the trap to
a conformation where full AD exchange protection is already achieved. We interpret these data in terms of a general
kinetic scheme involving intermediates with and without domain association.

Keywords: antibody fragments; folding intermediatesy Bl exchange; mass spectrometry; protein folding

Due to their modular structur@Padlan, 199% antibodies are use- V.. The denatured and dissociated domains fold rapidly and inde-
ful model systems to study the folding and assembly of largependently into compact intermediates. As ¥jedomain contains
proteins, which is generally far more complex than the folding oftwo cis-prolines, the folding rate of the,. domain is significantly
small single-domain protein€laenicke, 1987 The refolding of  slower than that of th& domain. The rate-limiting step for the
the Fv fragment, a noncovalently associated heterodimer consisfermation of the Fv heterodimer is a slow prolinis/transisom-
ing of the domains/y andV,, from a chemically denatured state erization at ProL95 in th&/ domain, which must be iwmis for
involves several discrete folding steps with rate constants differingrroductive domain assemblreund et al., 1997a; Jager & Plick-
by almost five orders of magnituddager & Plickthun, 1999a  thun, 1997. This residue is directly located in the heterodimer
These experiments have been carried out with domains and fragaterface and residues involved in crucial domain interactions are
ments of the phosphorylcholine binding antibody McPC683-  adjacent on either sid&atow et al., 1986
tow et al., 1986 where the domain association can conveniently Covalently tethering th&/y and V. domain to a single-chain
be stabilized by the hapten, which binds in a cleft betwggand (scFv fragment does not change the rate-limiting step for folding
of the equilibrium-denatured proteiftis/trans isomerization at
ProlL 95, but fluorescence refolding studies provided evidence for
sitat Zurich, Winterthurerstr. 190, CH-8057 Zurich, Switzerland; e-mail: ?ranSIent' unproductive dom?.“n mterac..tlon after short-term unfold-
plueckthun@biocfebs.unizh.ch. Ing (Freund et al., 19973, Jagel’ & Pluckthun, 1997, 19.9‘99.6
AbbreviationsANS, 8-anilino-1-naphthalene sulfonic aci;, constant ~ assembly of the Fv heterodimer from a nathg domain and a
domain of an antibody light chain; ESI-MS, electrospray-ionization massshort-term denatured, domain, which maintains all proline-
SGpdenit(r:(l)rgit%idTXi'u';;/ r‘:f%??;?ér?;e?'}ggigﬁ% ZO%Si;tg?éﬁEgﬂt\éLr;um peptide bonds in the native conformation, is fast and monophasic.
exchan’ge; PC, phospzowlcholme;’ SCFv, Sing?e_’chgin Fv fragmént: In contrast, refolding of th_e short-term denatured scFv fragment is
variable domain of an antibody heavy chaW, variable domain of an ~ characterized by the persistence of the slowest phase, which results
antibody light chain. from a spontaneousis/transreisomerization at ProL95. Addition
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of PPlase to the short-term unfolded scFv fragment completely | A
abolishes the fast folding phase, indicating that ProL95 is acces-_ ‘l‘
sible to the enzyme early during folding and the structure aroundg

ProL95 flexible enough. We also observed that W#hedomain 2 2.5+
shows no and th&, domain only moderate transient binding of £ \L
the fluorescent dye 8-naphthalene-1-sulfonic #48iNS) (Jager & P

Pluckthun, 1999aduring their respective folding reactions. ANS
binds to solvent-exposed hydrophobic patches typically found in
partially structured folding intermediatéBtitsyn et al., 1990 In
contrast, much higher transient dye binding is seen in the refoldingc

!

uorescence

of the scFv fragment with significantly slower desorption kinetics, 1 : T T T .
suggesting that exposed hydrophobic segments persist longer and 0 500 1000 1500 2000 2500 3000
their burial is impaired, when the domains are covalently linked time (s)

(Jager & Plickthun, 1999a

Using hydrogen-deuterium exchangel/D exchangg (Kim, 18
1986; Englander et al., 1996n combination with electrospray _ 1_5_¢1 B
ionization mass spectrometfESI-MS) (Miranker et al., 1993; E
Hooke et al., 1995 we now provide direct evidence for premature & 1.4+
domain interactiorttrap) in the refolding of the scFv fragment, but £
not during refolding of the isolated domaikig andV, . Consistent & 1.3
with optical spectroscopy, the escape from this trap is not rateé 1.2
limiting for the refolding of the equilibrium-denatured scFv frag- § ’
ment as maximal D exchange protection is gained at a rate § 1,1
much faster than the slow prolicés/transisomerization at ProL95. i ¢
However, this escape is slow enough to allow the re-isomerization 1 T T T T T

of native prolines into nonnative conformers in a significant frac- 0 50 100 150 200 250 300
tion of the short-term denatured scFv fragment. time (s)

Fig. 1. A: Fluorescence refolding trace of the equilibrium-denatued

domain. Excitation was at 295 nm; emission was at 350 nm. The arrows
Results indicate the time points of the manual/ B quenching stepsB: Fluores-
cence refolding trace of the equilibrium-denatukéddomain. The arrows
indicate the time points of the first two manual/Bl quenching steps.
Excitation was at 295 nm; emission was at 328 nm. In both panels, the

. L . : fluorescence intensity was normalized to the fluorescence of the native
The refolding kinetics of the isolated, domain, resolvable by rotein, which was set to 1.0. The experiments were carried out at pH 6.0

manual mixing, monitored by the change in fluorescence at 350 nnﬁnd 10°C.
are biphasic(k,s: 0.0072 s1; relative amplitude 0.32Kgiow:

0.0012 s, relative amplitude 0.68(Fig. 1A). Yet, only about

25% of the total folding amplitude is recovered in the manual

mixing experiment, and most of the fluorescence decrease occulge pelieved to arise from two parallel, proline-independent folding
in a major fast phase with a rate constant of 10,swhich is  reactions in the/, domain, since both apparently lead to interface
detectable by stopped-flow mixinglager & Pliickthun, 19992 formation. The arrows in Figure 1B indicate the time points of the
Both slow phases are PPlase-catalyzed and disappear almost quaianual HD quenching stepgonly the first two time points are
titatively after short-term unfolding, indicating that they are both ¢oyered by the fluorescence trace shiwn

proline-limited (Freund et al., 1996; Jager & Pluckthun, 19p9a

The slower of the two fluorescence phases observed in manual

mixing could be assigned tois/trans isomerization at ProL95 Refolding of the Ydomain monitored by D exchange

(Jager & Pliickthun, 1997, 199P4& he time points of the manual
H/D quenching step are indicated by arrows in Figure 1A.

Refolding of the Y domain monitored by fluorescence

The mass spectrum of th¢ domain (Fig. 2A) shows a single
series of related peaks and a narrow distribution ofigt@values,
consistent with the proteins being native after refoldibgo et al.,
1991). This spectrum was obtained from protein that was refolded
in D,O for 3 h, before refolding was completed in,®l to ex-

The fluorescence refolding trace of the isolatégddomain, mon-  change labile protons, and it represents the data from which the last
itored at 328 nm, is also biphagik;.s;: 0.068 s*; relative ampli-  spectrum in Fig. 2B has been obtained. The insert shows-Be
tude 0.78 kgow: 0.0095 s2, relative amplitude 0.22(Fig. 1B). charge state and demonstrates that the symmetrical distribution
Folding of theVy domain is thus considerably faster than #je  obtained in the deconvoluted spectfdg. 2B) is also observed in
domain, when monitored by fluorescence spectroscopy, which ishe m/z peak.

due to the fact that there are only two prolines in the native Figure 2B shows the refolding of the equilibrium-denatuvxgd
domain, both irtrans (Satow et al., 1986 The two phases of the domain monitored by D exchange and ESI-MS. The mass of the
manual mixing experiment can also be observed, with the samprotonatedv, is 12,926 Da(for a summary of the mass spectro-
amplitude ratio but with opposite sign, in the presence of a molametric data see Table.IThe detection of species with this mass in
excess of native domain(Jager & Pliickthun, 1999aThe phases the H/D exchange experiment would be an indicator for the pres-

Refolding of the \ domain monitored by fluorescence
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Fig. 2. A: Electrospray mass spectrum of the domain. The differenim/z peaks represent different charge states of the same
molecule. This is the same sample for which the deconvoluted spectrum is sh@ytoimest traceg3 h folding in D,O buffer. The
insert is a blow-up of thet8 charge peakB: Mass spectrometric analysis of the/Bl exchange experiment of the equilibrium-
denatured/. domain. Indicated is the refolding time of the domain in BO, before H'D exchange was quenched by manual dilution
into H,O buffer. C: Same asB, but with short-term denatured protein. The final refolding was carried out at pH 5.2 &l 10

ence of unstructured conformations still present at the time point oérs must be present after equilibrium denaturation. Nevertheless,
the H/D quenching step, since all labile deuterons rapidly ex-the H/D exchange data show that a native-Iéecore is formed
change with solvent 5O and the original molecular weight would much faster than the slow prolir@s/trans isomerization steps,
be regeneratedKim, 1986; Englander et al., 1996If the V_ the implication being that these slow isomerizations must occur in
domain is fully refolded in DO, a molecular mass of 12,960 Da is an already highly structured environment. This view is directly
obtained. This corresponds to an incorporation of 34 deuteronsupported by repeating the/B exchange experiment with a short-
bound tightly enough to escape back-exchange with solvent praierm unfoldedv, domain(Fig. 2C). Similar to the experiment with
tons during sample concentration, desalting and ionization in thequilibrium-denatured protein, HD protection is complete within
mass spectrometer. Already after a pulse of 10 s  the  the dead time of manual mixingrable 1. In this case, there is
shortest pulse achievable by manual mijirthe unfolded protein  no remaining shoulder and the peak is symmetrigag. 2C).
disappeared almost completely. Instead, we observe a peak withWhile this is speculative at present, the shoulder might be due
mass of 12,956 Da, corresponding to 30 stable deuterons M the to the formation of a small amount of microaggregates or dimeric
domain, which indicates that the reaction leading to protectionv,, whose formation is favored in the presence of one or more
from H/D exchange is essentially completed within the dead timenonnative prolyl-peptide bonds, present during folding under
of the manual mixing experiment and must thus be considerablyquilibrium-denaturation conditions.
faster than the two slow, proline-dependent phases monitored by The number of deuterons trapped in short-term unfoldeds
fluorescence spectroscoplyig. 1A). Also visible is a small shoul-  (within erron identical to that seen in equilibrium-denatured,
der(see belowat a molecular weight between that of the unfolded despite the fact that deuteration was performed in the presence of
(protonategland nativelmaximally deuteratedorotein, which dis-  residual HO (25%). This suggests that there must be additional
appears slowly within the first 20 min of refolding. H/D exchange taking place within the first 10 s of the refolding
As theV, domain contains seven proline residy®oL8 and reaction, during which time the residual protons, which should be
ProL95 are ircisin the native protein(Satow et al., 1986; Steipe present when th® domain equilibrates with solvent after short-
et al., 199}, a considerable fraction of nonnative proline conform- term unfolding, are exchanged for solvent deuterons. Otherwise,
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Table 1. Mass spectrometric analysis of the kineti¢g[H total number of 39 deuterons are trapped inVthedomain. When
exchange experiments of the domaipsavid \{ comparing these results with earlier ones using a less stable
domain in the context of an scFv fragmdifreund et al., 1996
Refolding we note that the number of protected deuterons found here exceeds
time in Mass Protected

by far the number of deuterons found in ¥gmoiety of that scFv

Protein Unfolding modé D,0P (Da) deuterons . ] it

fragment(24 deuterons The difference in protection is even more
Vi — — 12,926 — pronounced early in the refolding reaction. After a refolding pulse
\ Equilibrium denaturation 10 s 129561 30+1 of 10 s in DO, only two highly protected deuterons are detectable
\ Equilibrium denaturation 5min 12,9581 32+1 by NMR spectroscopy in th&} moiety of the scFv fragment
\ Equilibrium denaturation 20 min 12,9501 33+1 (Freund et al., 1996 compared to the 37 very stable deuterons
\ Equilibrium denaturation 3 h 129601 34+1 found by ESI-MS in the isolate¥y; domain used in this study.
Vi Short-term denaturation  10's 12,9581 3241 Thus, theVy domain used here with five framework mutations
Vo Short-term denaturat!on 5 min 12,9891 33+1 seems to be more stable, even in isolated form, than the one used
L Short-term denaturation 20 min 12,9581 32+1 . . }
Vi Short-term denaturation 3h 12080 33+ 1 earlier in thg coptext of the ngv fragment, which carried only
Vi _ _ 13,644 _ three mutations iV and none inv,.
\" Equilibrium denaturation 10s 13,6802 36+ 2
\" Equilibrium denaturation 5 min 13,6821 38+1 . .
vi Equilibrium denaturation 20 min  13.6842 37 2 Refolding of the scFv fragment monitored by fluorescence
A Equilibrium denaturation 3h 136882 39+2 Fluorescence traces of equilibrium and short-term unfolded scFv

fragment are shown in Figures 4A and 4B, respectively. Both
aprotein unfolding was achieved either by equilibrium-denaturationtraces are biphasic. In the equilibrium denatured scFv fragment,
(>12 hin 6 M GdmC]) or by short-term denaturatidd0 s in 6 M GdmCl. there is an initial fluorescence decredkg.: 0.008 s 1), followed
PFolding time in DO buffer before the IAD exchange was quenched by by a slow fluorescence increagkyq,: 0.00080 s1). The slow
a 1:10 dilution into HO buffer. fluorescence increase monitors the formation of the native hetero-
dimer interface, which is limited by thes/transisomerization at
ProL95(Freund et al., 1997a; Jager & Pluckthun, 1997, 1999a
the double-jump experiment, both phases show an increase in flu-
only about 26 deuteron§5% of 39 should have been retained in orescencekias: 0.009 S1; kgow 0.00077 1), The persistence of
theVi domain after complete refolding in buffer. Such aback-  the slow phase in the double-jump experiment is believed to arise
exchange is, however, only possible if the rate of folding into anfrom a spontaneousis/trans reisomerization at ProL95 in a ki-
exchange-resistant conformation is slower than the rate /@ H netically trapped intermediat&reund et al., 1997a; Jager & Pliick-

exchange at the pD usd@.9, not isotope correct¢dAs the ex-  thyn, 1997, 1999a The arrows indicate the time points of the
change rates for deuterons in unfolded proteins are kn@mg-  manual HD quenching step.

lander et al., 1996 we conclude that the rate of folding into an

exchange-resistant conformation must be slower than or on the ) )
order of 10 s*. Interestingly, this estimate is similar in magnitude Refolding of the scFv fragment monitored bytHexchange

to the stopped-flow phase of th¢ domain(Jager & Pluckthun,  The mass spectrum of the scFv fragméfig. 5A) shows a single
19993, which might thus directly monitor the formation of the series of related peaks and distribution of lawz values, again
exchange-protected species. However, a direct support of this hyseing consistent with the protein having reached a native confor-
pothesis will require further D exchange experiments per- mation after refolding. This spectrum was obtained from protein
formed on a millisecond time scale with rapid mixiigreund  that was refolded in BD for 2 min, before refolding was com-
etal., 1997h pleted in HO to exchange labile protons and represents the data
from which the spectrum in Figure 5B have been obtained. The
insert shows the-20 charge state, and demonstrates that the shoul-
der observed in the deconvoluted spe¢Fay. 5B, 4" trace from

The mass spectrum of thg domain(Fig. 3A) also shows a single the top is also observed in they/z peak.

series of related peaks and a narrow distribution ofgtzvalues, The H/D exchange kinetics of the equilibrium-denatured scFv
indicating again a native or native-like stdtemo et al., 1991 The are shown in Figure 5B. The fully deuterated scFv fragment has a
only very minor contaminant detectable is oneVpf(asterisks in  mass of 28,216 Da, the protonated scFv a mass of 28,124 Da. This
Fig. 3A), resulting from fact that th&, domain was obtained by means that 92 deuterons are incorporated into the scFv fragment
chain separation of the Fv fragment. The spectrum was obtaineduring refolding. This number is slightly higher than the number of
from protein that was refolded inJO for 3 h, before refolding was deuterons trapped by the isolated domains togditedeuterons
completed in HO to exchange labile protons. The insert shows theThis difference in the extent of deuteration is possibly due to the
+8 charge state and demonstrates that the symmetrical distributidmgher stability of the scFv fragment because of mutual domain
obtained in the deconvoluted spectfag. 3B) is also observed in  stabilization in the heterodimédager & Pluckthun, 1999b; Wérn
the my/z peak. & Plickthun, 1999.

Similar to theV, domain, the HD protection kinetics of th&y After a refolding time of 10 s in BO, the peak corresponding to
domain is fast relative to the rate of/B exchange and nearly the unfolded scFv fragment has disappeared completely. Instead,
completed within the dead time of the manual mixing experimentwe observe a rather broad peak. The asymmetric peak shape sug-
(Fig. 3B; Table 1. The protonate®; domain has a mass of 13,644 gests that this peak might represent an ensemble of conformations
(theoretical mass 13,644.During the time course of refolding, a with slightly differing H/D exchange protection properties. At this

Refolding of the \ domain monitored by D exchange
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Fig. 4. Fluorescence refolding traces 6A) equilibrium-denatured and
(B) short-term denatured scFv fragment. Excitation was at 295 nm; emis-
sion was at 328 nm. The fluorescence intensity was normalized to the
fluorescence of the unfolded protein, which was set to 1.0. The arrows
indicate the time points of the manual/Bl quenching step where mass
spectrometric analysis was carried out.

early time point, the peak maximum is at 28,169 Da, which cor-
responds to 45 deuterons trapped in the heterodimer, compared to
the 66 deuterons found in the two isolated domains together after
an identical folding time under identical conditions. This implies
that theV}; andV, domain, once covalently tethered by a flexible
peptide linker, do not fold independently, as in such a case the level
of deuteration in the scFv fragment should at least match that in the
less stable isolated domains. We propose that this scFv species,
with only 45 deuterons trapped, less than the sum of deuterons in
the isolatedvy andV, domain after 10 s, is the direct demonstra-
tion for early premature domain interaction in the scFv fragment,
which we name “trap” in the following.

Upon longer folding times in BD, the population of the par-
tially structured folding trap seems to decrease at the cost of con-

Fig. 3. A: Electrospray mass spectrum of tedomain. The differentn/z

peaks represent different charge states of the same molecule. This is the
same sample for which the deconvoluted spectrum is shovi) lowest
trace (3 h folding in D,O buffen. The asterisks indicate peaks from\Via
contamination. The insert is a blow-up of the8 charge peakB: Mass
spectrometric analysis of the/l® exchange experiment of the equilibrium-
denaturedvyy domain. Indicated is the refolding time of tMy domain in

D,0, before HD exchange was quenched by manual dilution int®H
buffer. The final refolding was carried out at pH 5.2 and®@0
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formers with native-like HD exchange protection properties. There reaction of the scFv fragment appears considerably faster when
is a small shift in the mass peak maximum of the native-like peakmonitored by H'D exchange than by fluorescence, the implication
to higher molecular masses, while no such a shift is detectable ibeing that HD protection cannot be limited by prolir@s/trans
the intermediate peaklable 2. This observation suggests that the isomerization. The scFv fragment is similar to the isolated domains
escape from the trap to the native state might not be a simpl@ this respect. This uncoupling of protection and interface forma-
two-state process, but instead might involve several discrete foldtion is only observed, if the domains of the scFv fragment have
ing intermediates with similar FD exchange characteristi¢see  been stabilized by the mutations described abdvweund et al.,
also below. 1996, 1997h

After a refolding time of 10 min, the folding trap is only pop-  As shown in Figures 4Avertical arrow$ and 4B, the time scale
ulated at hardly detectable levels, as indicated by the presence of the H/D exchange experiment is in the same range as the first
essentially a single symmetric peak with a mass already very closghase in the refolding experiment monitored by the change in
to that of the native scFv fragmefable 2. Therefore, the folding intrinsic Trp fluorescence at 328 nm. On the other hand, the sub-
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Table 2. Mass spectrometric analysis of the kinetigHexchange experiments
of the scFv fragment

Refolding Mass(Da) Protected deuterons
Unfolding time in

Protein modé D,0OP Peak t Peak 2 Peak 1 Peak 2
scFv — — 28,124+ 2 — — —
scFv Equilibrium denaturation 10s 28,1693 n.d¢ 45+ 3 n. d.
scFv Equilibrium denaturation 60 s 28,1703 28,2064 46+ 3 82t 4
scFv Equilibrium denaturation 2 min 28,1204 28,208+ 4 46* 4 84+ 4
sckFv Equilibrium denaturation 5 min n.d. 28,2103 n.d. 86+ 3
scFv Equilibrium denaturation 10 min n.d. 28,2124 n.d. 88+ 4
sckv Equilibrium denaturation 3h — 28,2153 — 91+ 3
scFv Short-term denaturation 10 s 28,168 28,205+ 3 44+ 2 81+ 2
scFv Short-term denaturation 60 s 28,HfB 28,207+ 2 47+ 3 84+ 3
scFv Short-term denaturation 2 min 28,1F¥2 28,209+ 4 48+ 2 85+ 2
scFv Short-term denaturation 5 min n.d. 28,243 n.d. 88+ 3
scFv Short-term denaturation 10 min n.d. 28,244 n.d. 90+ 4
scFv Short-term denaturation 3h — 28,21@ — 92+ 2

aProtein unfolding was achieved either by equilibrium denaturatieh2 h in 6 M GdmCJ or by
short-term denaturatio®0 s in 6 M GdmCJ.

bFolding time in O buffer before HD exchange was quenched by a 1:10 dilution ing®Hbuffer.

®Mass of the kinetic intermediatexcept line 1, which shows the mass of the protonated scFy@ H
buffer).

dMass of the native-like intermediate.

€Exact masses could not be determined.

sequent slow fluorescence increase, which monitors praiise  exchange experiment was repeated with short-term unfolded scFv
trans isomerization at ProL95 and the formation of the correctfragment(Fig. 5C). Both the shape of the mass spectra as well as
heterodimer interface, does not correspond to a detectable furthéne peak mass centers are comparable within experimental error to
change in the D exchange experiment, indicating that this slow those obtained in the equilibrium-denaturation experiniéable 2,
phase monitors the correct docking of essentially native-likeand within the limits of the experiment, there is also no evidence
domains. for an increased population of native protein present at 10 s, nor is
We interpret the initial fluorescence decrease in the scFv fragthere a significant difference in the number of protected deuterons
ment(Fig. 4A), which occurs about one order of magnitude more detectable after short-term and equilibrium unfolding. This indi-
slowly than the corresponding fluorescence decrease in the Feates again that the residual protons present in the unfolded poly-
fragment(Jager & Pliickthun, 1999aas the return from the trap peptide chain are back-exchanged for solvent deuterons early in
(see Discussion and this provides a simple explanation, why a the refolding reaction, similar to the situation in the domain
phase with such a rate is only detectable in the refolding of thedescribed above.
scFv fragment, but not in the refolding of the corresponding Fv As in the experiment with equilibrium-denatured protein
fragment, which lacks the interdomain linker peptide. In the Fv(Figs. 4A, 4C, 5B, there is general agreement between the time
fragment, the formation of the trap is disfavored at low proteinscale of the faster of the two manual mixing phases in the fluo-
concentrationglower uM range and after equilibrium denatur- rescence refolding experimeqFig. 4B) and the time scale of
ation, as the equilibrium is on the side of the individual domains atfolding monitored by HD exchange(time points of the HD
low protein concentration, which are furthermore disfavored toquenching steps are indicated by vertical arrows in Fig. 3@e
associate beforeis-ProL95 has formed, a requirement for produc- only difference is that the fast fluorescence phase now shows a
tive chain association. These factors favor the fast and independefitiorescence increadéig. 4B).
domain folding into structured conformations in the Fv fragment
and the individual domains, as indicated by th¢[Hexchange  Apparent rate constants for folding into and out of the trap

experiments reported here. The linker peptide in the scFv fragment

results in a high effective domain concentration, which favors the" igure 6A'(trace FV shows the_ refolding react@on of _the Fv frag-
premature collision of domains, leading to the trap. While it might MeNt monitored bY the change in fIluorescence intensity34I5 nm.

seem formally possible that the linker itself interacts with theAlarge decrease in fluorescence is seen, and the fluorescence trace
domains, previous NMR experiments have clearly shown the ab¢an be fitted to a double exponential with kinetic rate constants of

sence of any stable interaction between linker and antibody dot-87 S * (relative amplitude: 0.43and 0.091 s™ (relative ampli-
mains(Freund et al., 1993 tude: 0.57 for the fast and slow phase, respectively. Assigning the

two phases to a discrete folding step in one of the two domains is
difficult, as each of the two isolated domains gives biphasic fluo-
rescence kinetics, but with different sign of amplitudéger &
Plickthun, 1999a Nevertheless, the slower of the two phases
To prove directly that the AD exchange protection is not affected reported here is comparable to the slow stopped-flow phase of the
by prolinecis/transisomerization in the scFv fragment, the’Bl isolatedVy; domain. At these concentrations and in the presence of

The trap is formed independently of proline
cis/trans isomerization
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3 protein shows only half the maximally protected number of deu-
A scFv terons. We therefore suggest that the missing folding amplitude in
K«Mhm the scFv fragment is directly related to the formation of the trap,
which immediately suggests that the trap is formed very rapidly. At
least the data show that both domains in the scFv fragment interact
2] within the dead time of the stopped-flow experiment.

The rate constant for the escape from the folding trap to pro-
ductive folding into the native state can only be approximated,
because of the limited number of/B quenching points available.

Fv Figure 6B shows that the decrease in the population of the trap,
1 : . - _ monitored in the HD exchange experiment, can be satisfactorily
0 4 8 12 16 20 fitted to a single exponential. Interestingly, the obtained rate con-
time (s) stant of 0.004 s is identical to the major ANS desorption phase
seen in the scFv fragmei®.004 s'1), which is much faster and
100 smaller in amplitude in the corresponding Fv fragméléger &
B Pliickthun, 1999eand is still comparable to the fast phase seen in
80-] the fluorescence experimeft0.007 s'1). Again, an analogous
fluorescence phase is missing in the refolding of the Fv fragment
60 (Jager & Pluckthun, 1999aThe fluorescence decrease seen in the
Fv fragment occurs at a ten times faster rate and is consistent with
40 being due to the folding of th¥, domain before heterodimeriza-
R tion with theV, domain into the Fv heterodimer takes place. The
204 minor differences in the rate constants evaluated by t/iB Eix-
change(~0.004 s!) and ANS desorption experiments-0.004
0 s™1) (Jager & Pliickthun, 1999@n the one hand and the intrinsic

A 100 200 300 400 500 600 Trp fluorescencé0.007—0.009 s%) on the other hand most likely
result from the heterogeneity of the trap, as already inferred from
the manual HID exchange experimerisee above

2.5+

1.5+

Fluorescence (> 305 nm)

intermediate (%)

refolding time D,0 (s)

Fig. 6. A: Evidence for very early domain interactions in the scFv frag-
ment. Unfolded Fv or scFv fragmemt # M GdmCl was diluted 1:10v:v) . .
into refolding buffer in a stopped-flow apparatus and the change in quo-D's'Cl“'Ss"On

rescence at-305 nm was monitored using a cut-off filter. Protein excita- 1o 4im of this study was to complement our previous fluores-
tion was at 295 nm, and the final protein concentration after initiation of

refolding was 2uM. The arrows indicate the fluorescence emission inten- C€Nce spectroscopic studies on the Fv and scFv fragment of the
sity after extrapolation to zero time. The experiments were carried out agintibody McPC603Freund et al., 1996, 1997a, 1997b; Jager &
pH 6.0 and 10C. B: Decrease in the relative population of the scFv- Plickthun, 1997, 1999aand to providedirect evidence for the

specific trapped intermediate as a function of the refolding time, from theexistence of an scFv-specific folding tréRamm et al.. 1999 For
data in Figure 5. The amount of trap formed at théDHquenching time P g R " 0

points was estimated by visual inspection of the percentage of the intert-hls purpose, the fOId'r_‘g of a SIa_b'I'ZEd varlant of this SC_FV fra_g-
mediate peak area on the total peak area. The half-life of the trappefnent was compared with the folding of the isolated domains using
intermediate was approximated by fitting the points to a single exponentialH/D exchange and ESI-MS. In contrast to NMR, it can be used to
The experiments were carried out at pH 6.0 and@.0 directly monitor distinct folding intermediates, in addition to un-
folded and native statédliranker et al., 1993; Hooke et al., 1995

antigen, the bimolecular reaction is fast and not rate limitéger Folding of the single domains and the Fv fragment

& Plickthun, 1999a Models derived from a combination of earlier fluorescence data
In contrast, a much smaller decrease is obtained with the scFwith the mass spectrometric data described here are summarized in

fragment at identical condition§Fig. 6A, trace scFx The de-  Figures 7A and 7B. The isolatdd domain gains native-like pro-

crease in fluorescence accounts for only 15% of the change seeniaction within the dead time of the manua) Bl exchange exper-

the Fv fragment. The fluorescence trace is also biphasic, with ratement (10 9 and independent of the fact of whether the folding

constants of 2.38 ¢ (relative amplitude: 0.35and 0.059 s?! reaction was initiated from equilibrium-denatured or short-term

(relative amplitude: 0.650r the fast and slow phase, respectively. unfolded protein. While still to be proven by/l® exchange ex-

The rate constantébut not the amplitudgsare therefore compa- periments in the ms time scale, it is reasonable to assume that the

rable to the rate constants obtained for the Fv fragment. Thisnajor fluorescence decrease detectable in the stopped-flow refold-

observation immediately suggests that only a small fraction of théng experimentrate constant: 108" (Jager & Pliickthun, 1999a

unfolded scFv fragment displays the fast refolding behavior of thas also the reaction where the/B exchange protection is gained,

Fv fragment, while the major fractiof~85%) of unfolded scFv  as all subsequent phases are much slower in rate. As all protection

fragment does not fold in an analogous way on a stopped-flowis complete after 10 s, the slow proliees/transisomerization in

time scale, as indicated by the missing fluorescence amplitudehe refolding of thev,. domain must occur in a highly structured

Interestingly, a similar conclusion has been obtained from tHe H intermediate(l, ) with native-like H/D exchange properties.

exchange experiments described above, where a small fraction of A biphasic reaction is observable on the measured time scale,

native-like protein was already present after 10 s, whereas the buliwhen the folding reaction is monitored by the change in fluores-
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Fig. 7. Proposed refolding schemes f@k) the Vi and V; domains and the Fv fragment af) the scFv fragment. See text for
explanations.

cence emission intensity of the single core TrpL36. However, thehat the fluorescence increase, which is indicative for correct in-
nature of these slow stef$. to N, in Fig. 7A, for reasons of terface formation, takes longer to devel@figer & Pliickthun,
simplicity not detailed furthersubsequent to the completion of 1999a. Association competence is gained in two slower, appar-
protection are the subject of further investigations. It is possibleently parallel pathway&bout 70% of th&/, molecules refold via
that one of them involves dimeric species or microaggregates, anilhe fast folding track which are only detectable by fluorescence
both steps are catalyzed by prolioss/trans isomerasgJéager &  spectroscopy and which might involve only subtle changes in

Plickthun, 1999a solvent-exposed regions of thg domain. Whether this hetero-
Association of thev, domain with theVy domain into the Fv  geneity, leading to two parallel pathways, already exists on the
heterodimer occurs only after the rate-limitings/trans isomeri- level of the first intermediatk, or is formed later in two diverging

zation at ProL95, as@s-ProL95 is required for stable heterodimer- steps fromly to Ny remains to be shown.
ization(Jager & Plickthun, 199920nly a monoexponential reaction
is visible in which the native interface is formeédxcept for the
~10% of V| molecules, which contain eis-ProL95 under equi-
librium denaturation conditions, and which heterodimerize with The folding of the scFv fragment is summarized in Figure 7B,
the Vy domain in the dead time of manual mixing at micromolar which is an extension and modification of an earlier folding scheme,
protein concentrationgJager & Plickthun, 1999aThis requires  which had been solely based on fluorescence kinetic(@ager &
that all molecules go through a native state with ProL9%is  Plickthun, 199Y. Upon refolding of the equilibrium denatured
before associatioqFig. 7A, N_ to Fv). scFv fragmentJ yang), about 90% of the unfolded molecules fold
The Vi, domain also shows full D protection after 10 s of rapidly into an intermediatéaprang Within the deadtime of the
folding in D,O buffer(ly), and the number of trapped deuterons is stopped-flow experimenta few ms.
even slightly higher than that in thg domain. Despite the for- The intermediatéaprang iS partially structured with 45 trapped
mation of a native-like intermediate in the dead time of manualdeuterons observable in the mass spectrum at the shortest time
mixing, theVy domain is not yet association competent with the point resolvable by manual mixing0 9. Since this idessthan the
nativeV, domain at this stage of folding, as evidenced by the factsum ofVy andV_ at identical timg66 deuterons we conclude that

Folding of the scFv fragment
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the two domains must mutually retard their folding at a nonnative,lgperirans) 10 lopercis), levels off at high stoichiometric enzyme
yet significantly structured stage. This difference in protection isconcentrations, possibly since the escape ftefpwang beCOMeEs
even more significant, as the native scFv fragment shioigiser rate limiting (Jager & Pluckthun, 1997

protection than the sum of the two native domains. Can the escape from the trap be followed by fluorescence spec-

We therefore define this intermediate gy, as it retards the troscopy? We note that folding both after equilibrium denaturation
formation of the two native domains. While it is, strictly speaking, and double-jump experiments is biphasic, with the slower phase
on-pathway for the equilibrium denatured molecules, it constituteslways giving rise to a fluorescence increase at 328 nm with the
still a “detour,” compared to the isolated domains. How does thesame slow kinetics that monitors the interface formation, sub-
folding proceed fromy.prang? There are two conceivable routes, sequent to prolineis/transisomerizationiabout 0.0007 st) (Jager
one of prolinecis/trans isomerization at this stagéeading to & Pluckthun, 1997, 1999aThe faster of the two rates in manual
lrap(cis)), @nd the other a continuation kgyerirang, the equivalent  mixing has opposite signd=ig. 4A,B) in both experiments. After
of two native domaingexcept for the prolings tethered by the  short-term denaturation, the obseniadreasewould reflect mol-
linker. ecules that reach the native monomer while still carrygrsgpro-

To distinguish these possibilities, we have to first consider thelines. They must be held up by the escape from the tfapis to
behavior oflyapcis).- The mass spectrometric data clearly indicate | gpencis), but the open formggercis) then immediately converts to
that the trafap(cis) iS also formed after short-term unfolding, that the native scFv fragment, such that the rate of interface formation
is, from Us. The main argument is that the mass spectra arés in fact limited by the escape reaction. In contrast, if the mol-
virtually identical at different time points for short- and long-term ecules that escape from the trap haviaasProlL95, the native
denatured proteifFig. 5B,0). While the molecules do reisomerize heterodimefmonitored by a fluorescence increpsannot be formed
from livap(cis) 1O lirap(irans)» this is only about half the population, as before ProL95 slowly isomerizes tis, with the consequence that
seen by fluorescence spectrosc@pge below. If only molecules  the two domains first dissociate after escaping from the trap, which
atlyap(rans Were retarded in their folding, a much faster native-like is manifest as a fluorescendecreaseWe caution that the inter-
protection should be seen in the double-jump experiment, which ipretation of the magnitude of the rate constants of this fluorescence
not found. It thus follows thaty.pcis) also retards folding. The phase is difficul{about 0.008 or 0.009°8; see Fig. 4A,B, as both
kinetics of escape from both.,, Speciescis andtrans to their ~ domains themselves give rise to slow fluorescence pHaseays
respective open speciés,.n appear to be about the same. as an intensity decregsand it is clear that they would mix into

Therefore, the isomerization withig,, might well occur from  the observed values.
transto cis, but there is no reason to assume that it is faster than
the trans to cis isomerization withinlgpen that is, about 0.0007 Comparison to other scFv fragments
s~*. Therefore, the main flux will be fronyap(trans t0 lopenttrans)»
as this reaction is faster. However, there is no doubt that the rever
cis to trans isomerization takes place at tHg,, stage, which
would argue for a nonnative structure around the prdin
question stabilizing th&ans state and favoring the reaction going

sThe H/D exchange results obtained in this study are different from

tﬁose obtained with another, less stable derivative of the same
scFv fragment, which carries only three out of the eight mutations

(Freund et al., 1996 In that case, protection was much slower in

in this direction. The main argument is the reappearance of théhe equilibrium-denatured than in the short-term denatured protein

very slow fluorescence phase despite double-jump experimenté‘.nd ;:.ompettrz;blel_glf)ra_treh.to the rate-tl;]mltlggﬁ]rar}s|somterk|)z|atlon tei
This slow phasgabout 0.0007 s) is due to prolinecis/trans r%%?ﬂ'og ? h tro " ﬁd IS nn;ear;]sth a Ir? t?nteffs saf r?nptriorfmy
isomerization. Once ifap(cis), the molecules escape only slowly a onal protection depends on the correct interface formation as

with kinetics on the minutes time sca@pproximate rate constant: a prerequisite for mutual domain stabilizatii¥ém & Plckthun,

0.004 s'1), according to the D exchange experiment. This leads 199?' Intﬁrface ;inatl?hn’ (ljn tu;n, '? deper::egt. on ftlhet P(;Q"?ﬁ
to a kinetic competition between the escape framp.isy and configuration, an us the denaturation method Is refiected in the

subsequent fast folding int.s) on the one handfaster of the protected deuterons observééteund et al., 19979bas they mon-

fluorescence phases in Fig. p&nd prolinecis/transreisomeriza- ttor nz#llved |nterfacef tflcq)rmatlpn. QL(lete ||:n ]E:ontrast,t n thte é)lresent h
tion, which leads to the accumulation &fapransg SPeCies and case, the domains ofthe engineered scrv fragment are stable enoug

which give rise to the slower of the fluorescence pha&ég. 4B). to fgl? b)t/ trle;nsgll_\;]es afnd ketip the trapp:a(_j (]Elleuterogs n ar;] i)xcha}[nge-
The slow reaction that is monitored in the manual mixingCH resistant state. theretore, they are not infiuenced much by inter-

exchange experiment must then be the escape from the trap,fgce formation, and thus no difference is seen between equilibrium-

reaction by which the constituting domains gain their fulf 4 and shorF-term unfo_ldc_ad SCF.V' . . .
exchange protection. Native scFv proti, is only formed after We believe that this investigation further helps in understanding

thetransto cis isomerization at ProL95, which is rate limiting for the. fOldInéJ plalltgway ?nl(?‘ S'?he reagtlong of |?1.munoglgbulltr.1bdé)-
the overall folding reaction and which can be observed by flup-MaiNs and will be uselut for the engineering ot improved antibody

A R variants, in particular for minimizing nonpr ive intermedi .
rescence spectroscofsiow fluorescence increase in Fig. #Aut ariants, in particular fo g nonproductive intermediates

not by H/D exchange. By the time this isomerization occurs, theNeverthe_Iess, detglled structgral knowle_dge qf the on- and .Oﬁ'
domains are essentially native. pathway intermediates at residue resolution will now be required

This current outline model also provides an explanation of whyto understand this process in greater detail.

PPlase catalyzes the formation of ttrans state starting from i

Ui (Freund et al., 1997b; Jager & Pluckthun, 19994 the Materials and methods
nonnative structure df,, favors thetransconformation of ProL95
and PPlase acts directly dfap(cis), it Would accelerate the for-
mation oflyaprang - At the same time, the rate acceleration effect All residue numbering is according to Kab@tabat et al., 1991
of PPlase on the refolding &f «ans), by catalyzing the conversion The V; domain carries the mutations(R40)A, S(H63)A,

Proteins
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A(H64)D, S(H79)N, 1(H80) T, which improve in vivo and in vitro  diluted again 10-fold into KO buffer containing 50 mM ammo-
folding efficiency (Knappik & Plickthun, 1995; Jager & Pluck- nium acetate, pH 5.2 to allow all labile deuterons to exchange for
thun, 1997, 1999a; H. Bothmann & A. Plickthun, unpubl. gata protons. The final volume was typically 20 mL. The reaction was
The V_ domain used in this study carries the three stabilizingthen allowed to go to completiof8 h at 10°C). The protein so-
framework mutations AL15)L, S(L56)P, and NL90)Q (Steipe lution was concentrated af@ (Centricon 10, loaded onto a PD-10

et al., 1994; Ohage et al., 199The two C-terminal amino acids column (Pharmacia, Uppsala, Swedemrquilibrated in 10 mM

of theV, domain were removed and replaced by asHég (Lind- ammonium acetate, pH 5.0 in,B to remove buffer salts and
ner et al., 1992 The scFv fragment was obtained by fusing the arginine, concentrated to a final volume-©80—-40uL and stored
C-terminus of th&/y; domain with the N-terminus of thd domain on ice until used for mass determination.

by a flexible(G4S)s linker. The scFv fragment was expressed inthe A slightly different protocol was used for labeling short-term
Escherichia colistrain JM83 and purified as describéthiger &  denatured protein. Native and fully protonated scFv,owas first
Plickthun, 1999a The isolated domaing, andV, were obtained concentrated te-500 M. Deuteration was then achieved by a 1:4
from pure Fv fragment using a previously published chain sepadilution of the protein into 20 mM MOPS, pD 6.8 M GdmCI in
ration procedure under native conditiqdager & Plickthun, 1999a  D,O (6 M final denaturant concentratipriJnfolding of both pro-
Freshly purified proteins were dialyzed extensively against 20 mMteins is complete ir<20 s under these conditiofidager & Plick-
Mes, pH 6.0 and stored at’@ until use. thun, 1999h. The exchange rate for labile, unprotected protons in
an unfolded protein is-10 s~ at pD 6.7(Englander et al., 1996
After 40 s incubationn 6 M GdmCI, which is long enough to
unfold the protein completely and to achieve maximal possible
Manual refolding experiments were performed in 20 mM Mes, deuteratior{75%), the protein was further diluted 1:100 into 20 mM
pH 6.0, 200 mM arginine and were followed on a PTI Alpha ScanMOPS, pD 6.7, 200 mM arginine in O to initiate the refolding
spectrofluorimete(Photon Technologies Inc., Ontario, Canada reaction. All subsequent steps were performed as described above.
In the case of the scFv fragment, 10 mM PC was added to the

refolding buffer to irreversibly trap the heterodimer in the native Mass spectrometry

conformation. Folding reactions were initiated by a manual 1:100EI ¢ ionizati ¢ lected usi AP
dilution of unfolded protein into refolding buffer, while monitoring ectrospray onization mass spectra were cotected using an

the change in fluorescence at 328 fiscFv andVi, domain or 11l triple-quadrupole instrumer(tPE-Sciex, Ontario, Canagdro-

350 nm(V, domain) upon excitation at 295 nm. The final protein tein soll_Jtlons were infused into the ion source at a flow_ rate of
; : . 8 wL/min by a syringe pump. The samples were mixed in a 1:1
concentrations were 2M for V_ domain, 1uM for the V4 domain ratio with precooled methanol containing 0.5% formic acid. result-
and 0.8uM the scFv fragment. Equilibrium denatured protein, in : inW; ﬂ of—2.5. and 5ul. of thislnlﬂft r'e v?/ere irlnme:ji:atelsu
with all prolyl-peptide bonds at equilibrium, was prepared by a 1:4 ginapH ol~z.o, W IXTU y
L ) s ' flow-injected into ice-cold carrier solutiofs0% methanol, 0.25%
dilution of native protein ird 8 M GdmCI(6 M final denaturant formi id. Th p led soluti d the adiust tof th
concentratiop followed by incubation for>12 h at 10C. Short o;ml;lagl o% thee urscigncsgrﬁ |§§ ijolor:_'S §n5 foretﬁejlﬁagseg ?ectrc?—
term unfolded protein was prepared by a 1:4 dilution of nativeg1 t\r/i lrJn ] n? nt lw ) fp nd t ?ninirﬁiz back-exch np n
protein inb 8 M GdmCI(6 M final denaturant concentratipfor _g Cbl ezzsu_e ents we ?t ou fF?OOO v ed ac -e_f_c a glf con-
only 20 s, followed by an immediate 1:100 dilution step into siderably. An lon spray voage ot o, and an orice vottage

refolding buffer to initiate folding. Stopped-flow experiments con- g:a7sss \g V\éirﬁo?f;zdv\fgg 6;” r:gzatsourﬁTeer:Sé;h;arrisoggs r\]/v(i)c];thheof
firmed complete unfolding of the scFv fragment and¥helomain 1D F()f l-width at h Ifr: i n)g ; the m P ran f
within <20 s unfoldingmn 6 M GdmCl(Jager & Pluckthun, 1999b . a {ufl- at hall-maximum across the mass range o
. . : interest. Mass spectra were recorded inriife range from 1,000

Stopped flow refolding experiments were performed with anto 2300 Da with a scan step size of 0.2 Da and a scan duration
Applied Photophysics model SX-17MV spectrofluorimetéip- of 5's Wi p stz ' urati
plied Photophysics, Leatherhead, Englpatl10°C. Unfolded pro- )
tein (20 uM Fv or scFv fragmentin 20 mM Mes, pH 6.0, 4 M
GdmCl was diluted 1:1Qv:v) into refolding buffer(20 mM Mes,  Acknowledgments
pH 6.0, 200 mM argining and the change in fluorescence at
>305 nm was recorded using a cut-off filter. A bandpass of 1.5 andrinancial support was from the Schweizerischer Nationalfonds, Grant 3100-

2.0 mm was used for excitation and emission, respectivel Protei46624'96' We would like to thank Dr. P. Gehrig for help with the mass
: ! P Y- Qpectrometry experiments, Prof. J. Robing@nganisch-chemisches Insti-

excitation was at 295 nm. tut, Universitat Zirich for the use of his stopped-flow fluorimeter and
Prof. H.R. Bosshard for his interest in this work and for helpful comments
on the manuscript.

Refolding experiments detected by fluorescence

H/D exchange experiments

Two types of H'D exchange experiments are described. In the first
type of experiments, refolding was started from an equilibrium-
denatured and fully deuterated protein. To achieve complete detEnglander SW, Sosnick TR, Englander JJ, Mayne L. 1996. Mechanisms and
teration, affinity-purified protein was extensively dialyzed against _ uses of hydrogen exchang@urr Opin Struct Biol 618-23.

water, Iyophiized, dissolved in D buffer (20 mM MOPS, pD 474, Ceho ® 2ai s Holek I Plackihn A 1657a Parale pathueys

6.7, containig 6 M GdmC) and incubated for>12 h at room Des 339-49.

temperature. The pD of the solution was not isotope-corrected. Fdtfreund C, Gehrig P, Holak TA, Pliickthun A. 1997b. Comparison of t/iD-H

g ; ; ; . ; exchange behavior of the rapidly formed folding intermediate and the native
the initiation of refolding, the protein was diluted 1:100 into 20 mM state of the scFv fragment of an antiboBEBS Lett 40742—46.

3-([_\I-_morpho|inc)propanesulfonic ac_idMOl_DS, pD 6.7, 200_ mM Freund C, Honegger A, Hunziker P, Holak TA, Plickthun A. 1996. Folding
arginine, dissolved in BD. After various times, the protein was nuclei of the scFv fragment of an antibodiochemistry 3B457-8464.
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