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Abstract

The folding of immunoglobulh domairs requires the formation of a conserve structuréd disulfide Therefore as a
generarule, they cannd be functionally expresse in the reducirg environmen of the cellular cytoplasm We have
previousy repated tha stability engineerig can lead to the cytoplasmé expressia of functiond immunoglobuln
domains Here we apply rationd stability engineerig by consenss sequene analyss to Vg domains Isolated Vy
domairsterd to aggregat more easil than V. domainsthey do not refold quantitativey and are generaly more difficult
to handkin vitro. To overcone thes problemswe successfull predictal and experimentalf verified severastabilizing
point mutatiors in the Vi; doman of a designedcatalytc Fv fragment The effect of single mutatiors was additive and
they could be combinel in a prototype doman with significantly improved stability againg chemicé denaturatio and
a 20-fold increasd half time of irreversibke therma denaturationat physiologica temperatureThis stabilized isolated
Vi, domah could be expressé solubly in the reducirg cellular cytoplasn of Eschericha coli, at ayield of approximately
12 mg/L of shale flask culture It remairs fully functional as evidence by the successfureconstitutio of an
esterolytc Fv fragmen with the V. domain This succes provides further evidene tha consenssisequene engineering

is arational plannabé route to the constructia of intrabodies.
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Becaus the folding of immunoglobulh domairs almog invariably
requires the formation of a conserve structurd disulfide bond
[betwean Cys22 (the numbes of the individud amino acid resi-
dues are accordimg to the Kaba sequene databasgKaba et al.,
1992 and Cys2 in iy domains] their solubk expressia in the
reducirg cellular cytoplasn has failed in generd (Glockshuber
et al,, 1992) Few exceptios hawe bee repated notably scFvs
agains HIV proteirs (Maciejewsk et al., 1995 Wu et al.,, 1996;
Rondm & Marascg 1997), but low stability, low expressia rates,
ard unpredictat® behavia currenty limit thes perspective (Gar-
garp & Cattanep1997 Marasco 1997), and mog of thee scFvs
still form insolubke aggregate(Cattane & Biocca 1999) Elegant
screeniig method and randan mutagenesi hawe been employed
in two casesto evolve alevan-bindirg scFv intrabody (functional
cytoplasmati antibody and an anti{3-galactosidas scFv intra-
body (Martineau et al., 1998 Prola et al., 1998) Unfortunatey, it
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Ablreviations 3-ME, B-mercaptoethanpICDR, complementarit de-
termining region Fv, heterodime containirg V. and Vi; scFy, single-chain
Fv fragment GdmC| guanidinium chloride AGg, free enegy of folding;
IMAC, immobilized metallion affinity chromatographyNFMP, N-formyl
methionine-phenylestePBS phosphate-bifered saling | ard 4y, vari-
able domairs of immunoglobuln light and heaw chains respectivey.

isnat clea how thes approachecan be generalizedbecaus they
hawe eithe dependd on a specifc immunoglobulh framework,
naturaly lacking a disulfide bridge or a metabolicaly selectable
ligand binding activity.

We hawe previousy establishd astratey to predia stabilizing
mutatiors in immunoglobulh domairs (Steipe et al., 1994) It is
basel on engineerig consenssi sequencescompiled in a freely
accessitd databas (Steipe 1998) In apreviots manuscrip(Ohage
& Steipe 1999) we hawe analyzel whethe stability engineering
can overcone the limitin g stegs in the solubk cytoplasme expres-
sion of V| domains This was indeal the case and basel on this
succesdoop grafting onto aconsenssiframewok has allowed the
constructim of a functional catalytc intrabod/ Fv fragmen (Ohage
et al., 1999) Its paratops were derivad from 17B3 (Zhou et al.,
1994) awell-characterize esterolytc antibod/. Becaus the hap-
tenisnot normally presenin the cell, complex formation does not
contribue to doman stabilization.

The Vg doman usel in the® experimers was successfull co-
expressé in the cytoplasn with a stabilized V. But othe than
using a naturd framewok sequene close to the consensusthis
intrabod/ Vy doman required no further optimization after graft-
ing the residus involved in substrag binding onto the framework.
Thus the possibility arises tha we may hawe serendipitougl com-
bined the framewok with nev CDR loops in a favorabke way,
which might be speci& to the proten we had constructedlt re-
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mairs to be shown whethe consenss sequene engineerig can
be applied to Vi domainsto improve their folding and stability for
the constructio of intrabodies also in less favorabk cases.

Finally, it has to be investigatel whethe mutatiors introduced
for stability engineerig affect the activity of the catalytic intra-
body Fv fragmen from which the iy doman IcaH-0L originally
was derived.

Results

Determination of stability change for oxidizel domains

The mutatiors that were predictel to stabilize the referene do-

main IcaH-01, the V,; domah of a synthett catalytc antibody
(Ohage et al.,, 1999) are shown in Table 1. They replae residues
presenin the origind naturd framewok with ones tha are more

frequent in the sequene databas (Steipe 1998) We hawe pre-

parel isolated \; domairs to determire the thermodynan effects

of our mutations but the refolding of isolated V; domairs was not

fully reversible In the absene of an equilibrium, the free enegy

of folding canna be determined In contras to isolated iy do-

mains unfolding was fully reversibg in the presene of equimolar
amouns of the V. doman Ica-L11 Thus equilibrium unfolding

transition curves were determine for heterodime Fv fragments
at identicd proten concentrationsThe individud transitiors for

the Vy ard V. domairs are well separatedallowing subtractio of

the V_ signd to obtain the unfolding curves for iy domairs in the

presene of folded \, (Fig. 1). Unde the conditions resistance
to denaturatia isinfluenced by the formation of heterodimes and

become concentratio dependentThus no quantitatie interpre-

tation of the transition curves was attempted rathe, the relative

effect of the mutatiors on thermodynang stability was estimated
by the shiftsin denaturatio midpoints relative to IcaH-01 Thisis

valid to the extert tha mutatiors do not significantly affect the

associatia of dimers Indeed all of the mutatiors but one are

distart from the domah interface ard the effect of mutatirg this

one residug R*3, is nat qualitativel differert from the othe mu-

tations for heterodimersas well as for isolatedl domairs (see
below).

Table 1. Prediction of point mutatiors and experimentally
determiné resistane to denaturatio for single
mutatiors in IcaH-01

Native residue Consenssiresidue

ard frequency ard frequency A[GdmCl]so
Mutatior? (%)° (%)° (M)
K%Q K (19.6) Q(67.5) —-0.03
PO’s P (8.6) S (87.8) 0.01
AlSG A (26.2) G (35.2) 0.1
R*Q R (6.1) Q(26.2) 0.04
158T I (10.2) T(77.1) 0.08
P74s P (4.9) S (77.4) 0.1

aMutatiors chose to be combinel in a hyperstate prototype 4 do-
main are shown in bold.

bAmino acid frequeng distributiors taken from Steipe (1998) The
combinel list of iy domairs was used.

¢Shifts in concentratia of denaturahat which 50% of the folded do-
main fluorescene signd are lost, relative to IcaH-01.
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Fig. 1. Equilibrium transition curves for the Ica-Fv fragmer and the iso-
lated IcalL-11 doman 2 uM each pH 7.4, 20°C (see detaik in Materials
and methods) The . daia were shifted by 168 units relative to the 4, but
shown at the sane scale Two well-separaté transitiors are observed.

Of the sevan mutatiors we tested four significantly shifted the
transition midpoins to highe denaturahconcentratios (Table 1).
A fift h mutatian (P°7S) had no significart effect on the transition
midpoint, but showel an increasd cooperativiy of folding. None
of the consenssimutatiors were severey destabilizing.

Combinatim of mutations

Becaug the mutatiors are located throughot the \; domain they

are expecte to be independentard their stabilizing effects should

be simply additive We, thus se out to construt a hyperstable
prototype Vi, domah by successivel combinirg individud point

mutatiors (Table 2). This stratey wasindea successfulAlthough
ead single mutatian has only a smal effect on the equilibrium

unfolding transitiacn midpoint, the effects are additive ard in com-

bination they approximaé the sum of the individud effects

(Fig. 2). The mutatian PY’S is an exception becaus it was found

to be significantly more effective in the contex of IcaH-40L than

in the context of IcaH-01.

Thermad stability

Becaus of the presene of interactirg V. domains the transition
curves obtainel for Viy canna beinterpretel in terms of the thermo-
dynamt stability of isolatel domains The observe increag of

Table2. Combinatia of single point mutations

Protein Mutations

IcaH-01 —

IcaH-101 ALG

IcaH-201 ALG, 58T

lcaH-301 AG, 18T, R¥Q

IcaH-401 ASG, 158T, R®Q, P7°S
lcaH-501 AG, 58T, R%Q, P’®S, PU’S
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Fig. 2. Unfolding equilibrium transitian curves for IcaH-0L ard five sta-
bilized mutans in the presene of equimola concentratios of the W
doman IcalL-11; proten concentratia of 2 uM, pH 7.4, 20 °C (see details
in Materiak and methods) Each successig stabilizing mutatian shifts the
denaturatio midpoirt to highe denaturah concentrationsTo guide the
eye transitim curves were normalizel ard curve fits drawn with aleast-
squars parametr fit, assumig a two-stae transition of a monomeric
domain If this modé were corred ( ignoring the interactiors with the Y
domain) the free enegy of folding would be ~ 22 kJ mol~* for IcaH-01,
ard ~ 34 kJ mol ™~ for IcaH-501.

resistane to chemicé denaturatia is ambiguos with respet to

stability changs of the Vi domairs or the stabilization of hetero-
dimers Therefore we investigatel whethe irreversibe thermal
denaturatia of isolated \}; domairs would provide suppating

evidene for improved stability. Irreversibe denaturatia presum-
ably does not measue the thermodynant stability, AGs 4, but the
activatin free enegy for unfolding AGynsog- This does not re-
quire an equilibrium, and the measuremetrcan be performed with

isolatad iy domains We obsere a goad qualitative correlation
betwea increasd tolerane of denaturahunde equilibrium con-
ditions ard the rate of irreversibe denaturatio ( Fig. 3). This in-
creag in thermostabiliy can be quantified by determinig the
time, respectivef temperatureat which 50% of the proten re-
mairs solubk (Table 3). The thermostabilizatio we hawe achieved
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Fig. 3. Irreversibk therma denaturatia of IcaH-0L and successivgl sta-
bilized domains proten concentratia of 7.5 uM, pH 7.4, 100 mM (B-ME
(see detaik in Materiak and methods).
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Table 3. Fifty percert survivd of successively
stabilized Vi; domains

t5oa Tgox1°C b [U rea]50
Protein (min) (°C) (M)¢©
IcaH-01 31.2 36.4 3.63
IcaH-101 51.2 38.1 3.85
IcaH-201 63.2 39.8 3.88
IcaH-301 149 40.1 411
IcaH-401 184 41.4 4.34
IcaH-501 606 425 4.62

8t5 is the time after which 50% of the protein has becone insolubk at
38°C.

T is the temperatue at which 50% of the proten has becone insol-
uble after 1 h of incubation The values were obtainel from alinea least-
squarefit to the raw data from the temperatue regiors where aggregation
was observed.

¢[urealsp concentratia of denaturahat which 50% of the folded do-
main fluorescene signd is lost.

with our approab of rationd stability engineerig is quite signif-
icant Survivd time at physiologic temperatue (38 °C)is in-
creasd 20-fold for IcaH-501, relative to IcaH-01 Accordingly, we
obsere reducel aggregatia in equilibrium transitian experiments
for the isolated V; domairs (nat shown).

Refoldirg and stability of reducel V; domains

From comparig V4 transition curves we estimae tha the true
increag in folding free enegy is of the sane orde asthe predicted
effect of the structurd disulfide bridge on the doman stability
(Pae et al., 1988 Ohag & Steipe 1999) We thus determined
whethe IcaH-50L could be reversiby unfolded in the presene of
Gdma unde reducirg conditiors (Fig. 4). Transitin curves for
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Fig. 4. Equilibrium unfolding transitiors for oxidized ard reducel IcaH-
501 in the contex of the Fv fragment proten concentratia of 2 puM,

pH 7.4, 20 °C (see detaik in Materiak and methods) To calculae curve
fits, a two-stae transiticn of a monomere doman was assumed This
allows us to estimae the contributian of the disulfide bridge to be on the
orde of —15 kJ/mol, which is approximatel the sane value we have
determine previousy for V. domairs (Ohage & Steipe 1999) and which
is predictal from statistich mechanicsassumig the disulfide bridge af-
fects exclusivey the entrogy of the unfolded stae (Pae et al., 1988).
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the heterodimeit Fv fragmen agan showel two well-separated,
fully reversibé transitions even thoudh the stability of reduced
IcaH-50QL is only marginal, and a smal population of unfolded

domairs appeas to be presemh even in the absene of denaturant.
The Vy transition midpoirt is shifted to a lower denaturahcon-

centratio by approximatef 1.3 M of GdmC| and by comparison
with Figure 1, it can be estimate tha the loss of the structural

disulfide bord will almog fully unfold the IcaH-0L domain.

Successiucytoplasmi expessio of isolated Viy domain

Finally, the dired cytoplasmt expressia of IcaH401 (the prefix
“W" refersto the presene of the initiator methionine se2 Ohage &
Steipe 1999 ard IcaH501 was attempted After separatia of
solubke ard insolubk fractiors of the cel extracts IcaH-u501
appeard as aprominen bard in the solubk fraction after SDS-
PAGE ard could be purified by IMAC. Theyield of solubk protein
was approximatgl 1.2 mg/L shale flask culture In contrast no
expressia could be detecte for isolated IcaH4101 domains.

Catalytic activity of an Fv fragmen containing
the Vi IcaH-501 domain

To investigae whethe the introductian of mutatiors for stabilizing
the IcaH-01L domah had an influence on the hydrolytic activity of
the catalytc Fv fragmen from which the IcaH-0L doman origi-
nally was derived ( Ohage et al., 1999) the hydrolysk rates for the
hapten N-pheny methionire este of a cytoplasmatt Fv fragment
containirg eithe IcaH-0L or IcaH-50L were comparedThe mea-
suremerg were carried out in PBS (pH 5 7.4) unde reducing
conditiors (0.3 mM B-ME). The activity of both the Fv fragment
containirg IcaH-01 aswell aslcaH-50L followed Michaelis—-Menten
kinetics We determine a Ky, of 299 uM, k., of 1.61 min~ and
KeatK uncatof 3.5%10 3for V_ IcalL-11+ IcaH-01 and Ky, of 155 uM,
KeatOf 1.34 min™ and KoK uncaof 3.0% 10 3for V_ IcalL-11 +IcaH-
501 Thus therisonly an insignificart influence of the introduced
V4 -stabilizingmutatiorsonthe activity of our catalytc Fv fragment.

Discussion

We hawe shown that a rationd approab to stability engineering,
basel on consenss sequene approximations provides a plan-
nabk route to stabk V frameworks Although isolated i, do-

mairs behae differently from \{ domairsin tha they are prore to

aggregatia and in general canna be expresse in the absene of

\{ domainswe hawe shown tha successig stabilizatio can over-

come sud problens ard increag resistane to equilibrium chem-
ical denaturatio aswell asto irreversibk thermd denaturationin

our mog stabke mutart IcaH-501 the half time of survivd of

irreversibk thermd denaturatia of the isolatel doman was in-

creasd 20-fold at physiologich temperatureThe sane doman is

now tolerart to reductia of the structurd disulfide bord and can
refold unde reducirg conditions.

Consenssisequene engineerig requires no speci features or
propeties of the immunoglobuln domain Thus the individual
mutatiors can be easily predictal by compariry target sequences
with afreely accessil# databas (Steipe 1998) Their effects are
independenard additive to a goad approximatim and because
they are only weakly dependenon context the approab is ex-
pectal to be completey general In contras to randan mutagen-
esk ard screenig procedurs (Protaet al., 1995 Martineau et al.,

P. Wirtz and B. Steipe

1998) no non-naturbsequene motifs specid to specifc constel-
lations of residue are introduced In thisrespectconsenssiframe-
works, representig an avera@ of the evolutionay backgrouu of
immunoglobulh domains may be especialy well suited for loop
grafting It is one of the corollaries of the canonicé sequence
approximation that while ead individud doman sequene has
only a low probability of occurrirg in the ensembleall discrete
consenss epitopes occu in the ensemtd with arelatively large
probability. Thus the approab may even lead to synthetc immu-
noglobulin domairs with a decrease allergenc potential.

An interestimg applicatio of isolated Viy domairs emeges from
the fact tha they can sene as recognition modules by themselves.
Even in naturad antibodies Vi usually contributes the majority of
interactiors with the ligand Accordingly, the use of a naturd Vy as
a minimd recognition domah has bee repated (Ward et al.,
1989) but expressia and handlirg are significanty more difficult
than for V. domaing and solubility problens hawe preclude their
widespred application Naturally occurring solubke antibodies de-
void of light chairs hawe been discovere in Camelida species
(Hamers-Casternmeet al., 1993) ard it was shown tha the rele-
vart residue could be engineerd into othe antibod/ frameworks
(Davies & Riechmann1996 Riechmann1996) This has spawned
renewael intere$ inisolated V; domains due to their smal size and
conve binding site, they appea to be superia to Fv fragmensin
binding into the catalytic cleft of enzyme and thus form novel
inhibitors (Martin et al., 1997 Lauwerey et al., 1998) Thus,
hyperstal# iy domairs that cen fold in the absene of the struc-
turd disulfide bridge would hawe potentid as functiond single
doman intrabodies.

Finally, the successfuexpressia of a soluble isolatel 4, do-
main in the cytoplasn of E. coli, togethe with our previous suc-
ces of expressig differert isolated | intrabod/ domairs (Ohage
& Steipe 1999 and a catalytc intrabod/ Fv fragmer (Ohage
et al,, 1999) demonstratethat doman stabilizatio by consensus
sequene engineerig provides aplannabé route to designe in-
trabodies The fact that the stabilizing mutatiors did not intefere
with the doman function underscore the value of our approach
for the constructia of a variety of functional stabilizel antibody
domairs and intrabodies once the sequene of the origind anti-
body is known.

Material s and methods

Sequenceof proteirs in this study

The constructim of the referene Vi doman for this study ( IcaH-
01) has been describel (Ohage et al., 1999) Ica-HOL was designed
for a catalytc intrabod/ and comprise sequencefrom the frame-
work of the murine anti-nitropheny antibod/ B1-8 (Bothwell
et al,, 1981) and the three CDR sequencgof the esterolytc cata-
Iytic antibod/ 17E8 (Zhou et al., 1994) Fv fragmens additionally
compri® the IcaL-11 domain a precurso of the designed cata-
Iytic intrabod/ V. domah IcalL-pu14 (Ohag et al., 1999) The
sequene for IcaH-01 is 'EVKLQQPGAE 'LVKPGASVKL
21SCKASGYTFT 3IDHAIHWVKQR #PGRGLEWIGY 5lSP
GNGDIKYN S1EKFKSKATLT "?WVDKPSSTAYM 81QLSS.TSED
SAVY SYCARS-YYGSS 0YVDYWGQGTTLTV SSHHH
HHH (loop grafted residue tha differ from the naturd B1-8
sequene are underlingl). The sequene of the ;. doman IcalL-11,
which was usel for co-expressio with V4, is 'DIVMTQSPSS
11 SVSLGERVT 24SCKASQDIK KYIGWYQQKP #*GQPPK
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LLIHY STSTLLPGVPDSRFSGSGSGTDFTLTISSVQABED
LAVY YCLQ °YYYNL RTFGA 191GTKLELKHHH 11HH.

Choice of mutations

Stabilizing mutatiors were predictel to approximaé the iy con-
senss sequenetha was compiled from adatabas basel on Kabat
et al. (1992 ard Steipe (1998) Oligonucleotide-direcmutagen-
esk was performed by standad method using single-strad DNA

preparel from an f1 origin of replicatian in the vecta. All modified

genes were sequenced.

Expressia and purification

For periplasme¢ expressia in E. coli IM 83 cells, genes of interest
were fusel to the secretim signd of alkaline phosphatas(phoA)
for . and oute membrae proten A (ompA) for Vi in aplasmid
basel on pASK75 (Skerra 1994) Due to the oxidizing propeties
of the periplasm secretio leads to spontaneosiformation of the
centrd disulfide bridges once the signd is cleave off, followed by
productiwe folding (Skeria & Pluckthun 1988) The proteirs were
harvestd from the periplasmg fraction ard purified to homogene-
ity by immobilized metd ion affinity chromatograph (IMAC) on
animinodiacett acid matrix (PharmacigUppsalaSweda) chaged
with Zn?*. To obtah isolated V; domains they were co-expressed
with V. domairs that did not posses a histidine tag The com-
plexes were bourd to the IMAC column heterodimes were dis-
sociatel by denaturatio with 6 M ureg ard V, domairs were
eluted \}; domairs were quantitativey renature in situ by incu-
bation with IMAC buffer (300 mM NaCl, 50 mM NaPQ,, 10 mM
Tris, 2 mM B-ME, pH 8.0) for 20 min and eluted as asingle pure
bard with 300 mM imidazole.

For the cytoplasme expressia of isolatal \,; domains the vec-
tor ptetVH was used which was derived from plcaFv2@ (Ohage
et al,, 1999 by deletirg the | gene V4 geneswere cloned into the
vecta tha was transforme into BL21(DEJ) cells Bacteria cul-
ture (500 mL) was grown to an ODggo Of 0.9, expressia was
inducel with anhydro-tetracyclineand cells were incubatel for a
further 3 h at 20°C. Approximatey 2.5 g of cel pellet was ha-
vestal by centrifugation and resuspendgin 5mL of IMAC buffer.
The resuspendicells were lysed in avibratoly mill and centri-
fugated at 18,00 relative centrifuga force (rcf) for 10 min. The
supernatainwas pooled the pelle was resuspend®agan in 2.5
mL IMAC buffer, and treatel as above The collectal supernatants
were applied to a nitrilotriacetic acid colunm (Quiagen Hilden,
Germany) chaged with Ni2*. Columrs were washe with IMAC
buffer containirg 30 mM imidazole eluted with 300 mM imidaz-
ole, ard analyzel by SDSPAGE. The proten concentratia was
determine by detectiry the OD,g, of the reduceddenaturd pro-
tein (&ypreq = 29,870 .

Estimation of thermodynana stability

Folding transitian curves were determine by reversibe chemical
denaturatia of 2-uM solutiors of the Fv fragmernt (Vy + IcalL-11
mixed togethe from separa stocks for the desir@l concentra-
tions) in phosphate-bifiered salire solution (PBS 4 mM KH,POy,
16 mM NaHPO,, 115 mM NacCl, pH 7.4) with variabke concen-
trations of guanidinium chloride (GdmC)) or ureg after incubation
overnigh at 20 °C. Unde thes conditions the unfolding transition
is completey reversible and unfolding and refolding curves are
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identicd within experimentherra. The folding transitian curves
of reducel domairs were determine after unfolding Fv fragments
in 4 M Gdma in the presene of 50 mM DTT to ensue complete
reduction Transition curves were determine from the fluores-
cene signal Agx =282 nm; A = 323 nm for oxidized domains
and Aey= 335 nm for reducel domains.

Determination of therma stability of isolated V,; domains

To investigae the activatian barrie for unfolding with irreversible
thermd denaturationwe incubatel oxidized iy domairs at vary-

ing times and temperaturs with reducirg buffer. We had dete-

mined previousy tha oxidized V IcaH-0L does not aggregate
perceptiby after more than 2 hat 20°C unde the reducirg con-
ditions describé below. Evidentl, the reductio of the disulfide

bridge requires unfolding of the domain Unfolded domairs are
rapidly reducedthisincreag in entroyy traps them in the unfolded
stat and aggregatia ensuesThis protocd ensurs tha the un-

folding proces is inded irreversible In contrast unde oxidizing

conditiors }; IcaH-0L does not aggregas perceptiby, even at

50°C.

Isolated iy domairs were brougt to aconcentratia of 7.5 uM
in PBS 100 mM (-mercaptoethanolTo determire the time de-
pendene of thermd denaturation50 pL aliquot were incubated
at 38°C for variabk times cooled on ice for 5 s, ard centrifuged
at 18.0 rcf, 4°C, for 5 min. To 30 pL of the solubke supernatant,
10 pL of a BSA solution of 0.5 mg/mL was addel as an internal
standard Sample were run on a 12.53% SDSPAGE gel, stained
with Sypro Red (FMC Bioproducts Rockland Maine), and the
band were quantified on aphosphorimage(Molecula Dynamics,
Sunnyvale California). To determire the temperatue dependence
of therma denaturationsample were incubatel for 1 h at tem-
perature from 35 to 44°C in stefs of ~1°C, ard the remaining
solubk materid was quantified as above.

Catalytic activity

Hydrolysis velocities were determine at 20 °C by the increag of
the Ax7o, due to phend releag after diluting differert amouns of
racemec N-formyl methionine-phenylest§ NFMP) into stok so-
lutions of reduce Fv fragmen in PBS (pH = 7.4) containing
0.3 mM B-mercaptoethanptompare to the backgroun reaction.
NFMP was usal as astod solution in DMSO. The exad concen-
tration of unhydrolyzel este in the DMSO stodk was determined
photometricaly, after totd hydrolyssin 0.2 N NaCH ard divided
by 2, becausthe catalyza reactian is specific for the L-enantiomer
(Guo et al., 1994) compare to wate. The concentratia of the Fv
fragmen was 5.5 pM.

Acknowledgments

We thark Ettore Ohage ard Jan Barnikow for materid and helpfu discus-
sions Thanks are due to Heike Bruhn and Monika Walter for critical
readirg of the manuscript.

References

Bothwel AL, Paski M, Reh M, Imanish KT, Rajewsk K, Baltimore D.
1981 Heaw chan variabk region contributian to the NPb family of anti-
bodies Somate mutatian evidert in a gamna 2a variabke region Cell
24:625-637.



2250

Cattane A, Biocca S. 1999 The selectiom of intracellula antibodies Trends
Biotechnd 17:115-121.

Davies J, Riechmam L. 1996 Single antibod/ domairs as smal recognition
units Design and in vitro antigen selectim of camelized human VH do-
mairs with improved proten stability. Protein Eng 9:531-537.

Gagaro N, Cattane A. 1997 Resce of a neutralizirg anti-vird antibody
fragmert from an intracellula polyclond repetoire expresseé in mamma-
lian cells FEBS Lett 414:537-540.

GlockshubeR, Schmid T, Pluckthun A. 1992 The disulfide bonds in antibody
variabke domains Effects on stability, folding in vitro, and functiond ex-
pressiam in Eschericha coli. Biochemisty 31:1270-1279.

Guo J, Huarg W, Scanla TS. 1994 Kinetic ard mechanist characterizatio of
an efficient hydrolytic antibody Evidene for the formation of an acyl
intermediateJ Am Chem Sac 116:6062-6069.

Hamers-CasternmaC, Atarhoud T, Muyldermars S, Robinsa G, Hames C,
Son@ EB, Bendahma N, Hames R. 1993 Naturally occurrirg antibodies
devod of light chains Nature 363:446—448.

Kaba EA, WuTT, Pery HM, Gottesma KS, Foelle C. 1992 Distribution files
of the fifth edition of sequence of proteirs of immunologic# interest.
http;//immuno.bme.nwu.edu.

Lauwerey M, Arbabi Ghahroud M, Desmyte A, Kinne J, Holzer W, De Genst
E, Wyns L, Muyldermars S. 1998 Poter enzyne inhibitors derived from
dromeday heavy-chai antibodies EMBO J 17:3512—-3520.

Maciejewslk JP, WeichoHd FF, Yourg NS, Car A, ZellaD, Reitz MJ, Gallo RC.
1995 Intracellula expressia of antibod/ fragmens directel agains HIV
revergtranscriptasprevens HIV infectioninvitro. Nature Med 1:667-673.

Maras® WA. 1997. Intrabodies Turning the humord immunre systen outsice in
for intracellula immunization Gere The 4:11-15.

Martin F, Volpaii C, Steinkihle C, Dimas N, Brunett M, Biasid G, Altamura
S, Cortes R, De Franceso R, Sollazo M. 1997 Affinity selectio of a
camelizel V(H)domah antibod/ inhibitor of hepatits C virus NS3 prote-
ase Protein Eng 10:607-614.

Martineau P, Jones P, Winter G. 1998 Expressio of an antibod/ fragmen at
high levels in the bacteri& cytoplasm J Mol Biol 280:117-127.

Ohag EC, Steipe B. 1999 Intrabod/ constructim and expressia |: The critical
role of VL doman stability. J Mol Biol 291:1119-1128.

P. Wirtz and B. Steipe

Ohage EC, Wirtz P, Barnikow J, Steipe B. 1999 Intrabod/ construction and
expressia Il: A synthetc catalytc Fv. J Mol Biol 291:1129-1134.

Pa@ CN, Grimsley GR, Thomsm JA, Barnet BJ 1988 Conformationastabil-
ity and activity of ribonucleas T, with zerq one and two intad disulfide
bonds J Biol Chen 263:11820-11825.

Prol K, GeL, Pluckthin A. 1995 Function antibod/ single-chan fragments
from the cytoplasn of Eschericha coli: Influence of thioredoxn reductase
(TrxB). Gere 159:203-207.

Prota K, Wom A, Honegge A, Pluckthuin A. 1998 Antibody scF fragments
without disulfide bonds mace by molecula evolution J Mol Biol 275:245—
253.

Riechmam L. 1996 Rearrangemerof the former VL interface in the solution
structue of a camelisedsingle antibod/ VH domain J Mol Biol 259:957—
969.

Rondm 13, Maraso WA. 1997. Intracellula antibodies (intrabodie} for gene
therayy of infectious diseasesAnru Rev Microbid 51:257-283.

Skerma A. 1994 Use of the tetracyclire promote for the tightly regulatel pro-
duction of a murine antibod/ fragmert in Eschericha coli. Gere 151:131—
135.

Skerm A, Plickthun A. 1988 Assemby of a functiond immunoglobuln F,
fragmert in Eschericha coli. Sciene 240:1038-1041.

Steipe B. 1998 The canonicé sequene approximation http://www.Imb.uni-
muenchen.g/groups/bs/canonical.html.

Steipe B, Schiller B, Pliickthin A, Steinbache S. 1994 Sequene statistics
reliably predid stabilizing mutatiorsin aproteih domain J Mol Biol 240:183—
192.

Ward ES Gussaev D, GriffithsAD, Jone PT, Winter G. 1989 Binding activities
of a repetoire of single immunoglobuln variabe domairs secretd from
Eschericha coli. Nature 341:544-546.

Wu Y, Duan L, Zhu M, Hu B, Kubota S, Bagasa O, Pomerart Rl 1996.
Binding of intracellula anti-Res single chan variabke fragmens to different
epitopes of human immunodeficienyg virus type 1 rev: Variatiors in viral
inhibition. J Virol 70:3290-3297.

Zhou GW, Guo J, Huarg W, Fletterik RJ, Scanla TS. 1994 Crystd structure
of a catalytc antibod/ with aserire proteas active site Sciene 265:1059—
1064.



