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1 Introduction

Single chain antibodies (scFvs) are synthetically
constructed proteins that retain the antigen bind-
ing capacity of full-length antibodies but are much
smaller. Typical IgG molecules have a mass of
~150 kDa, whereas scFvs are only about 25–27 kDa.
scFv genes are constructed from gene segments of

IgG variable domains of the heavy and light chains
(VH and VL) connected by a synthetic DNA segment
that usually codes for a flexible (Gly4Ser)n polypep-
tide linker. This linker is normally of sufficient
length (n≥3) to allow the translated VH and VL do-
mains to associate intramolecularly into the char-
acteristic VH/VL domain conformation found at the
antigen-binding ends of antibodies. scFvs offer the
benefit of being genetically easy to manipulate, and
several vector and display library systems have
been designed to take advantage of this feature to
isolate scFvs that recognize a variety of antigens
[1–3].

We previously reported the isolation and char-
acterization of scFvs from a yeast surface-display
library that bind to and rotationally constrain sev-
eral environmentally sensitive organic dye mole-
cules, causing them to fluoresce [4, 5]. We call this
phenomenon fluorogenic activation. The fluoro-
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genic dyes – thiazole orange (TO), malachite green
(MG), and dimethylindole red (DIR) – and their
cognate scFv-based fluorogen activating proteins
(FAPs) are members of a new class of two-compo-
nent fluoromodules that have been used to visual-
ize cell-surface and secretory membrane proteins
in mammalian cells [4]. In our studies, the DNA se-
quence of three of the six MG-binding scFv clones
predicted the expression of only one domain, either
VH or VL, in the final protein product. Furthermore,
two of the remaining scFvs have VL chains that are
strikingly similar in predicted protein sequence. In
addition, five clones that produce scFvs that acti-
vate DIR have DNA sequences that suggest that
they are full-length scFvs. Interestingly, however,
two of them have identical VL domains and differ-
ent VH domains.

Functional VH or VL domains are of particular
interest because they are half the size of scFvs
(12–15 kDa) yet they bind their target antigens with
high affinity and specificity. Furthermore, active
domains (VH or VL) and their cognate fluorogenic
dyes are fluoromodules that are half the size of typ-
ical fluorescent proteins. Because we have already
demonstrated the existence of FAPs comprised of
only of VH or VL domains that activate MG [4] and
because of the structural similarities among do-
mains of other scFvs in our collection, we decided
to explore whether any VH or VL domains of these
scFv FAPs are functional in isolation. In this paper
we report the molecular dissection of scFvs into in-
dividually expressed VH and VL domains. We ob-
served that some scFvs require both VH and VL do-
mains for detectible activity, whereas others only
need one domain. Molecular hybrid scFvs consist-
ing of active and inactive VH and VL domains show
remarkable modulation of the activity of the single
active domains.

2 Materials and methods

2.1 FAP nomenclature

FAP names consist of three components: (i) the
scFv chain configuration, with H designating the
heavy variable (VH) region and L designating the
light variable (VL) region; (ii) a unique numerical
identifier designating the parent isolate and its
affinity maturation lineage in the format ‘par-
ent#.1stgeneration#.2ndgeneration#’, etc. An entry of
‘0’ describes the case where the ‘parent’ is a popu-
lation of different isolates whose DNA may be re-
combined; and (iii) the dye used to isolate the FAP
[4]. Thus L5.1-MG indicates the first affinity-ma-
tured variant of the MG-activating,VL-only clone 5.

2.2 Genetic construction of plasmids

2.2.1 Separation of variable domains
Single V domain reduction plasmids were con-
structed using restriction sites within the pPNL6
vector and the (Gly4Ser)3 linker. VH-only plasmids
were constructed by subcloning the VH domain-
coding restriction fragments into empty pPNL6
vector [3] as follows. After cleavage with the re-
striction enzymes NheI and BamHI (see Fig. 1), VH
domain-coding fragments from two-domain scFvs
were separated from the rest of the plasmid DNA
by agarose gel electrophoresis and purified with a
Qiagen Gel Extraction Kit (Qiagen, Valencia, CA,
USA). Empty pPNL6 vector was cut using the same
pair of enzymes to remove the NheI/BamHI stuffer
fragment, and the backbone was purified in a sim-
ilar manner to prepare for ligation. VH domains
were then ligated into this pPNL6 vector backbone
following the suggested protocol in the NEB Quick
Ligation Kit (New England Biolabs, Ipswich, MA,
USA). A special vector pPNL6(HL1-TO1 VL) was
constructed for cloning VL domains. pPNL6 carry-
ing the two-domain scFv gene HL1-TO1 was di-
gested with BmtI (an isoschizomer of NheI) and
BamHI. The DNA ends were treated with T4 DNA
polymerase (according to the NEB protocol for
“polishing” DNA ends). DNA was purified from this
reaction using a Qiagen PCR Cleanup Kit. DNA
molecules were circularized by ligation at a total
DNA concentration <1 µg/mL. This series of enzy-
matic treatments deletes the HL1-TO1 VH domain-
coding DNA while retaining the VL domain, re-
stores the BamHI site, and preserves the reading
frame between the Aga2 gene and the remaining VL
domain.VL-only plasmids were constructed by gel-
purifying the VL domain-coding restriction frag-
ments from all other two-domain plasmids after
cleavage with BamHI and NotI. The pPNL6(HL1-
TO1 VL) vector was cut using the same pair of en-
zymes to remove the HL1-TO1 VL stuffer fragment,
and the plasmid backbone was gel-purified to pre-
pare for ligation. VL domains were ligated into this
vector backbone following the suggested protocol
in the NEB Quick Ligation Kit.

2.2.2 Variable domain shuffling
Full-length, two-domain plasmids were digested
with appropriate restriction enzymes to remove the
variable domain-coding DNA of interest, which
was then replaced with a new variable domain seg-
ment. All scFv genes were in the pPNL6 vector
backbones; thus, for swapping VH domains
NheI/BamHI restriction digests were performed to
remove and replace VH domains. BamHI/NotI re-
striction digests were performed to remove and re-
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place VL domains. Plasmid backbones and domain
fragments were purified by gel electrophoresis as
described above. Purified VH and VL domains and
plasmid backbones from different starting plas-
mids were combined and joined by DNA ligation to
form new full-length hybrid genes.

2.2.3 Transformation, plasmid recovery and validation
Plasmid DNA was transformed into chemically
competent TOP10 or Mach1 E. coli (Invitrogen,
Carlsbad, CA, USA) or electroporation competent
DH5α E. coli (Bioline, Boston, MA, USA). Plasmid
DNA was extracted from E. coli using a miniprep kit
(Qiagen). scFv genes in all plasmids were re-se-
quenced to confirm that they contained the correct
fragments and were in frame with the C-terminal
c-myc epitope (EQKLISEEDL).

2.3 Yeast surface-display analysis

2.3.1 Growth conditions and induction
Selective growth media (SD+CAA) and induction
media (SGR+CAA) for yeast carrying the pPNL6
surface-display plasmid have been previously
described [3]. pPNL6 plasmids containing differ-
ent scFv gene constructs were transformed into
EBY100 yeast by EZ Yeast Transformation Kit
(BIO 101, La Jolla, CA, USA). The EBY100 yeast
transformants were grown for 48 h at 30°C in
SD+CAA selective growth media. When the cul-
tures reached an OD at 600 nm of >1.0 (>2 × 107

cells/mL), the yeast cells were harvested by cen-
trifugation and resuspended in SGR+CAA selective
induction medium at a concentration of 2 × 107

cells/mL. These induction cultures were incubated
with shaking for 72 h at 20°C. For each transfor-
mant, an additional culture was maintained in se-
lective growth media as an uninduced control.

2.3.2 Flow cytometry
For each induced and uninduced sample, 106 cells
were washed twice in wash buffer containing
1× PBS, 2 mM EDTA, 0.1% Pluronic F-127 (a bi-
functional block copolymer surfactant that pre-
vents dye binding to plastic) and resuspended in
100 µL wash buffer containing 2 µg mouse anti-c-
myc mAb (clone 9E10, Roche Applied Science, In-
dianapolis, IN, USA). Following a 1-h incubation on
ice, the cells are washed twice in wash buffer and
resuspended in 100 µL wash buffer containing
0.8 µg appropriately labeled goat anti-mouse sec-
ondary antibody. Alexa-fluor 647-conjugated anti-
bodies were used for TO dye activating FAPs.
Alexa-fluor 488-conjugated antibodies were used
for MG and DIR activating FAPs. All Alexa-fluor
antibodies are from Invitrogen. After a 1-h incuba-

tion on ice, the cells were washed twice and resus-
pended in 500 µL wash buffer to which fluorogenic
dye was added to a concentration ten times the
measured cell-surface Kd for the particular FAP. A
parallel set of samples was treated with a 1 µM fi-
nal concentration of propidium iodide, a vital dye
used as an indicator of cell viability. Cells were held
on ice until cytometric analysis. FAP activation of
the dye was assessed by flow cytometry on a Bec-
ton Dickinson FACSVantage SE cytometer. Fluo-
rescence was excited using the 488 nm laser for ei-
ther the TO dye or the Alexa-fluor 488-conjugated
antibodies and fluorescence signals from either of
these molecules were measured at 530 nm. MG dye,
DIR dye or Alexa-fluor 647-conjugated antibodies
were excited using the 635 laser and fluorescence
signals from any of these molecules were measured
at 685 nm. A ratio of fluorescence signal from the
appropriate dye and c-myc channels was calculat-
ed to determine signal per scFv molecule compare
one scFv-expressing cell sample to another.

2.4 FAP and scFv hybrid protein purification

The scFv genes were isolated from pPNL6 clones
and tailed with SfiI restriction enzyme sites by an-
chored PCR. The forward primer for amplifying
and SfiI-tailing the H6-MG gene was 5’-GGC-
CCAGCCGGCCATGGCGCAGGTGCAGCT-
GCAGGAGTGC-3’; the reverse primer for amplify-
ing and SfiI-tailing the H6-MG gene is 5’-GGCCC-
CCGAGGCCTCGGAGACAGTGACCAGGGTACC-
3’. The forward primer for amplifying and
SfiI-tailing the two-domain hybrid containing the
VH of H6-MG and the VL of HL1-TO1 was the same
as above. The reverse primer for amplifying and
SfiI-tailing the two-domain hybrid containing the
VH of H6-MG and the VL of HL1-TO1 was 5’-GGC-
CCCCGAGGCCCCTAGGACGGTGAGCTTG-
GTCC-3’. PCR products were TOPO-cloned (Invit-
rogen) and sequenced to verify faithful amplifica-
tion. SfiI fragments were gel-purified after SfiI di-
gestion and ligated into SfiI-digested pAK400 [6]
between a pelB leader sequence and His6 tag.
pAK400 in an E. coli periplasmic secretion vector
for high-level expression of scFvs under the con-
trol of a wild-type lac promoter and IPTG-in-
ducible promoter. E. coli transformed with the
pAK400 plasmids were grown in LB broth to late
log phase and induced with 1 mM IPTG in fresh
media for 5 h at 25°C. Periplasmic proteins were
isolated by osmotic shock [7] and dialyzed into
10 mM Tris, 500 mM NaCl buffer, pH 8.0. Periplas-
mic, secreted scFv proteins were purified via the C-
terminal His6-tag by Nickel-NTA chromatography
(Qiagen). The periplasmic protein extract from 1 L
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culture was incubated with 0.5 mL settled volume
of Nickel-NTA resin for 1 h. The column was
poured with this resin and the eluate applied to the
column a second time. The column was washed
with buffer containing 20 mM imidazole, 10 mM
Tris, 100 mM sodium phosphate, 300 mM NaCl, and
pH 8.0. His6-tagged protein was eluted in the same
buffer containing 250 mM imidazole. All purifica-
tion steps and storage of proteins were performed
at 4°C. All fractions were analyzed by 15% SDS-
PAGE gel electrophoresis to monitor purification.
This procedure generates scFv proteins that are
homogeneous.

2.5 Soluble protein activity assay and dye titration
analysis

All fluorometric analyses, activity assays and the
dye titration analyses were performed on a TECAN
Safire2 plate reader in black, 96-well, flat-bottom
microtiter plates. Purified protein (500 ng H6-MG,
or 1 µg H6-MG/HL1-TO1 hybrid) was mixed with
MG-11P-NH2 dye in wash buffer in a final volume
of 100 µL. Dye concentrations varied from 0 to
20 µM in a threefold serial dilution series. MG dye
samples were excited at 625 nm and emission was
detected at 660 nm.

3 Results

3.1 Genetic dissection of two-domain scFvs and
functional analysis by surface expression

In the Pacific Northwest National Laboratory yeast
(S. cerevisiae) surface-display library [2, 3] scFv
genes are cloned in the pPNL6 plasmid where they
are expressed as fusion proteins between the N-
terminal hemagglutinin epitope (YPYDVPDYA)-

tagged AGA2p protein and a C-terminal c-myc epi-
tope tag (Fig. 1a).The VH and VL gene segments are
separated by a synthetic DNA segment that codes
for a flexible 15-amino acid linker made up of three
repeats of the sequence Gly4Ser.

scFv clones from our collection of TO-, MG- and
DIR-binding FAPs were reduced to their VH-only
or VL-only plasmids by DNA manipulation (as de-
scribed in Materials and methods). The modified
scFv genes were expressed from the galactose-in-
ducible pPNL6 plasmid to generate surface-dis-
played fusion proteins tagged with both hemagglu-
tinin and c-myc epitopes (Figs. 1b and c). Flow cy-
tometry of induced, plasmid-carrying yeast cells
was used to measure both the amount of scFv (c-
myc epitope) expressed and the amount of fluoro-
genic dye activation when these surface-displayed
proteins bound their cognate dye molecules.

As shown in Fig. 2, cytometric analysis of both
the full-length scFv and individual variable domain
plasmids gave results that fell into two distinct
groups. For one group, represented here by yeast
displaying the HL1-TO1 proteins, the full-length
(VH+VL) scFv shows typical fluorescence activation
of the dye compared to uninduced cells (significant
numbers of cells detected at higher fluorescence).
However, neither of the individual VH or VL domain
proteins could activate the dye (no difference com-
pared to uninduced cells). The other group, repre-
sented here by yeast displaying the HL7-MG pro-
teins, also shows typical fluorescence activation of
the dye by the full-length scFv compared to unin-
duced cells. As was the case for the HL1-TO1 pro-
tein, the VH domain of HL7-MG was not capable of
activating the dye. However, cells displaying the VL
domain of HL7-MG show as much (if not more) ac-
tivity compared to the full-length scFv protein.
Thus, the molecular dissection of the VH and VL do-
mains of HL7-MG reveals that the VL domain is ca-

Figure 1. (a) The general structure of scFv clones in
the pPNL6 surface display library. The NheI, BamHI
and NotI sites are usually unique to the plasmid with
the occasional exception of NheI and BamHI sites 
appearing in the VH or VL coding segments. 
(b, c) The structure of in-frame deletions of the VL or
VH domains, respectively.
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pable of binding and fluorogenically activating the
dye.

To quantify the activities of isolated VH or VL do-
mains, the amount of protein expressed on the sur-
face of the yeast cells was determined by fluores-
cent immunolabeling of the c-myc epitope fused to
the C-terminus of each protein molecule.The pop-
ulation average fluorescence intensity of that c-
myc signal was used to normalize the population
average dye fluorescence signal to provide a spe-
cific activity of the surface-displayed protein. In
the bar chart in Fig. 3, the activity of each dissected
domain construct is shown as a percentage of the
activity of its parent scFv clone.

The quantitative data presented in Fig. 3
demonstrate that five of the scFvs require both VH
and VL domains for fluorogenic dye activation, i.e.,
individual VH or VL domain proteins retain only a
few percent of the activity of the parent scFv pro-
tein.The data also allowed us to identify four scFvs
for which fluorogenic dye binding and activation
can be attributed to only one domain. Expression of
the VL domain contained within HL7-MG, HL9-
MG, HL-K10-DIR, or HL-M8-DIR scFv was suffi-

cient to activate the fluorescence of the cognate
dye. Sequence analysis of the individual domains of
HL7-MG and HL9-MG (not shown) revealed 92%
sequence identity at the protein level for the VL do-
mains, whereas the VH domains shared only ~75%
sequence identity. The VL domains of HL-K10-DIR
and HL-M8-DIR were 100% identical, whereas the
VH domains shared only ~46% sequence identity.
Thus, the sequence similarities of the VL domains
in these different scFvs and the lack of similarity of
their partner VH domains are mirrored in their ac-
tivity.

3.2 Construction and analysis of genetic hybrid
scFvs

The apparent increase in activity of the isolated VL
domains of HL7-MG and HL9-MG compared to
their VH/VL parent FAPs (Fig. 3) suggested that
there might be some interference caused by the as-
sociation of the non-functional VH domains with
the active VL domains. This observation motivated
us to create a set of shuffled VH/VL hybrids fusing
various active single-domain FAPs with inactive

Figure 2. Qualitative cytometric analysis
of the modified scFv gene products dis-
played on the surface of yeast. Full length
(VH+VL), VH domain only and VL domain
only scFvs genes were induced for sur-
face display by galactose induction (In-
duced) and compared to uninduced
samples. The panels represent his-
tograms of numbers of cells (#) with a
particular fluorescence intensity (F)
caused by the activation of the cognate
dye for the scFv (note the logarithmic
scale). The top panel represents the data
from a TO-activating scFv (HL1-TO1).
The bottom panel represents the data
from a MG-activating scFv (HL7-MG).

Figure 3. Quantitative analysis of fluo-
rogenic dye activation by individual VH

and VL domains. The specific activity
of each parent FAP, identified by cate-
gory name, was set to 100%. The ac-
tivity of each of the VH domains (dark
bars) and the VL domains (light bars)
is plotted relative to its parent. Specif-
ic activities were measured as fluoro-
genic dye fluorescence per unit of c-
myc epitope expressed by yeast sur-
face display, as described in Materials
and methods.
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variable domains of the complementary type, and
then measure the activity of these hybrids. For the
active single domains in these hybrids, we used the
previously described VH domain H6-MG [4], the VL
domains from HL7-MG, HL9-MG and HL-M8-DIR
described above, and L5.1-MG, an affinity-matured
variant (S. Capek and C.Woolford, unpublished re-
sults) of the VL domain L5-MG [4].

Hybrid scFv genes were constructed by DNA
manipulation of the corresponding gene segments
in the yeast surface-display vector pPNL6. Fusion
proteins expressed on the surface of yeast were as-
sayed for fluorogenic dye activation by flow cytom-
etry and normalized, as before, by determining the
total amount of surface-displayed c-myc-tagged fusi-
on protein.The activity of the parent single-domain
FAP (VH or VL) was set to 100% and the hybrid pro-
tein activity expressed relative to that. As shown in
Table 1, the activity of the hybrid scFvs varies consi-
derably depending on the specific partner domain.

Most notably, fluorogenic dye activation by of
some of the active single-domain FAPs is signifi-
cantly inhibited by the covalent attachment of cer-
tain partner variable domains. For example, the ac-
tivation of MG by the VH domain H6-MG is inhibit-
ed >99% by the presence of the VL domain of HL1-
TO1, and the activity of the VL domains of HL7-MG,
HL9-MG and HL-M8-DIR are inhibited ~95% by
the VH domain of HL4-MG. Interestingly, the activ-
ity of the VL domain of L5.1-MG appears to be in-
hibited by the VH domain of HL4-MG, stimulated by
the VH domains of HL7-MG and HL1-TO1, and
barely affected by the presence of the VH domain of
HL9-MG.

To demonstrate that the activity modulation of
active single-domain FAPs seen in Table 1 is not
due to an artifact of the yeast surface display of the
hybrid protein, we expressed in E. coli and purified
soluble versions of the active VH domain of H6-MG
and the hybrid fusion protein containing the VH of
H6-MG and the VL of HL1-TO1. Dye titrations with
the soluble proteins were performed to determine
the Kd of MG for each protein (Fig. 4).

Table 1. Activity of the hybrid scFvs

Hybrid scFv

VH domain VL domain Percent activity

H6-MG – =100
H6-MG HL1-TO1 0.7
H6-MG HL4-MG 79.5

– HL7-MG =100
HL4-MG HL7-MG 4.3
HL9-MG HL7-MG 45.7

– HL9-MG =100
HL4-MG HL9-MG 5.4
HL7-MG HL9-MG 95.6

– L5.1-MG =100
HL4-MG L5.1-MG 38.3
HL1-TO1 L5.1-MG 130.1
HL7-MG L5.1-MG 125.2
HL9-MG L5.1-MG 87.8

– HL-M8-DIR =100
HL1-TO1 HL-M8-DIR 23.4
HL4-MG HL-M8-DIR 3.1

Figure 4. Dye titration analysis of solu-
ble proteins. Increasing amounts of
malachite green dye were added to
100-μL reactions containing 500 ng
H6-MG protein or 1 μg H6-MG/HL1-
TO1 hybrid protein. Fluorescence at
660 nm in arbitrary units was measured
on a Tecan fluorimeter. Square symbols
are measurements for H6-MG protein;
triangle symbols are measurements for
the H6-MG/HL1-TO1 inhibited hybrid
protein.
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In these experiments, the Kd of H6-MG was
measured to be 50 nM, which is in reasonable
agreement with the published value of 38 nM [4].
The apparent Kd of the inhibited hybrid construct
was at least 4.9 µM; this number is difficult to meas-
ure, however, because the high MG dye concentra-
tion required to observe any fluorescence signal
causes significant inner filter effects – self-absorp-
tion of the incident and fluorescently emitted light.
Nevertheless, the solution Kd of the inhibited hy-
brid protein is at least two orders of magnitude
higher than the active VH domain that is contained
in it. These results confirm that it is the partnering
of the VH and VL domains in this hybrid that in-
hibits the activity of the VH H6-MG domain and not
some artifact of the protein’s location on the yeast
cell surface.

4 Discussion

Our scFv-based FAPs have two distinct activities.
Like other antibody molecules, they bind their tar-
get antigens with varying affinities depending on
the specific antibody-antigen complex. However,
because the target antigens are members of a set of
environmentally sensitive dye molecules, binding
leads to dye conversion or activation from a non-
fluorescent to a fluorescent state. It is this second
activity that allowed us to use simple cytometric
and fluorometric assays to explore VH and VL do-
main requirements and domain organization of the
scFv antibodies that we have reported here.

The fluorogenic behavior of the dyes TO, MG
and DIR is due to an environmentally sensitive
conformational relaxation pathway [8–11]. In solu-
tion, excitation of these dyes with visible light al-
lows them to undergo rotation or twisting around
one or more of the bonds separating the different
ring substituents. This rotation leads to non-radia-
tive decay to the ground state, i.e., the dye exhibits
very low fluorescence. However, when the dye is
conformationally constrained, such as in viscous
solutions or a binding pocket within a protein, this
twisting motion is slowed or inhibited and the dye
is forced to relax to the ground state radiatively.
This constraint can lead to as much as a 1000-fold
enhancement of fluorescence and has resulted in
the use of TO, for example, in a variety of fluores-
cent sensors [12–15].

4.1 Structural basis of dye activation and domain
inhibition

mAbs that have properties similar to our scFv-
based FAPs have been isolated against trans-stil-

bene [16]. These mAbs prevent the cis-trans iso-
merization of the bound stilbene causing it to fluo-
resce, and in one case luminesce, at different wave-
lengths depending on which particular antibody
stilbene is bound to. X-ray crystallographic studies
have determined what structural elements con-
strain the stilbene molecule and suggest molecular
and electronic mechanisms for the emission of dif-
ferent colors of light [17]. In these different anti-
bodies and their scFv derivatives, the stilbene mol-
ecule is held between the VH and VL domains by
two different mechanisms. One involves stilbene
interactions with complementarity determining re-
gion (CDR) loops from both domains, and the oth-
er involves a deeper binding cleft where, in addi-
tion to the CDR loops, the hydrophobic interface
between the VH and VL domains is involved in the
binding. In both modes, however, binding of stil-
bene involves structural elements of both domains.
It is particularly remarkable, therefore, that more
than half of the FAPs we have isolated that bind to
and fluorogenically activate our environmentally
sensitive dyes are composed of single domain anti-
body fragments, either VH or VL. The molecular
mechanisms of their dye binding, leading to fluo-
rescence, may involve unusual interactions of the
CDR loops with framework residues, or the VH or VL
domains acting as dimers, to trap and constrain the
different dye molecules. X-ray crystallographic
analyses, now underway, should reveal the inter-
esting details of these interactions.

The details of the molecular mechanism of inhi-
bition or enhancement of fluorogen-activating sin-
gle V domains by other V domains will be equally
interesting. Pairing of unrelated VH and VL domains
through molecular cloning procedures produced
the hybrid scFvs we have examined in this study.
We interpret the remarkable change of fluorogenic
dye activation in some of these hybrids (Table 1) to
be the result of the natural association of some VH
and VL domains and the interaction of their CDR
loops in the classical scFv architecture. These in-
teractions can either interfere with dye binding and
fluorogenic activation by the active single domain
in the hybrid, or they can enhance the dye binding
and fluorogenic activation. The wide range of
measured fluorogenic activity, even among hybrids
containing a common active domain, suggests sev-
eral possible molecular mechanisms could be in-
volved. We can imagine one scenario in which the
formation of a natural interface between VH and VL
domains actually occludes a part of the dye-bind-
ing site that is located either, wholly or partially, in
the VH/VL interface region in the active V domain.
Natural VH/VL association would inhibit the dye
molecule from binding to the active domain.
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In another scenario, we can imagine that the
formation of the VH/VL hybrid molecule forces a re-
arrangement of the three-dimensional architec-
ture of the CDR loops in the active domain. If the
loops in the active domain were involved in the
binding and constraining of the dye, the fluorogen
binding or activation could be inhibited or en-
hanced. For example, the activity of VL domain FAP,
L5.1-MG, is inhibited 15–60% by the VH partners
from HL4-MG and HL9-MG. Its activity is also en-
hanced 25–30% by the VH partners from HL1-TO1
and HL7-MG (Table 1). In these contrasting cases,
the CDR loops of the VH partners may either inter-
fere or assist the active domain in binding the dye,
thus modulating the activity down or up. Such CDR
loop rearrangements in other hybrid scFvs have
been documented by X-ray crystallography [18].

The L5.1-MG FAP is a derivative of the parent
L5-MG FAP, the isolation of which we have report-
ed previously [4]. L5.1-MG was created by mutage-
nesis and selection for increased brightness upon
dye binding [19]. The L5.1-MG FAP has an in-
creased quantum yield of fluorescence approxi-
mately five times higher than its parent, L5-MG
(Chris Szent-Gyorgyi, personal communication).
This increase in apparent fluorescence is at least
an order of magnitude larger that the increase seen
when L5.1-MG is partnered with the VH domains
from HL1-TO1 and HL7-MG (Table 1). Neverthe-
less, because the parent L5-MG FAP was isolated
from the yeast surface-display library without a
complete partner VH domain, it seems plausible
that its activity could be modulated in either direc-
tion by an artificial partner VH domain.

Lastly, homodimerization of an active single V
domain might be required for dye binding and flu-
orogenic activation. Forced partnering with a com-
plementary V domain may prevent this dimeriza-
tion and thus cause the inhibition seen for some of
our hybrids. Homodimerization of isolated V do-
mains is well known [20, 21]. Dimerization, in some
cases, leads to homodimers with V domain struc-
tures that differ from the same domain found in the
classic arrangement of VH and VL domains in either
Fab or scFv structures [22, 23]. This might help ex-
plain the variation in activities seen in our hybrids.
Dimerization of V domains in the yeast surface-dis-
play system should be possible. The Aga2-scFv fu-
sion proteins are in extremely close proximity as
they pass through the yeast secretory apparatus.
The natural affinity of V domains for each other
might drive their interaction at any time during the
transit through the endoplasmic reticulum, Golgi
apparatus and finally secretory vesicles that fuse
with the yeast membrane, depositing the fusion
proteins on the surface of yeast. In experiments to

be reported elsewhere, we have demonstrated FAP
activity by complementation of physically separat-
ed HL1-TO1 VH and VL domains co-expressed on
the yeast cell surface using this yeast surface-dis-
play system. Thus, it seems likely that V domain
dimerization could occur and might be disrupted in
the hybrids in Table 1. Preliminary X-ray crystal-
lography structural analyses of the H6-MG and the
L5.1-MG FAPs indicate two protein molecules in
the unit cell, suggesting that dimerization may be
involved in the active form of these FAPs (Robyn
Stanfield and Ian Wilson, personal communica-
tion).

At this time we have no specific experimental
data that leads us to favor any of these suggested
molecular explanations for the modulation of FAP
activity by partner V domains in our hybrids. In-
deed, the remarkable results showing that the ac-
tive L5.1-MG FAP, can be inhibited, enhanced, or
unaffected by partnering with different VH do-
mains (Table 1) suggests that X-ray structural data
will be needed to understand the different mecha-
nisms of this activity modulation. However, these
hybrids with modulated fluorogen activation activ-
ity will be useful platforms for sensor development
(see below).

In an attempt to categorize which VH and VL do-
mains inhibit the activities of domains with which
they are partnered, we tabulated the lengths of the
CDR loops and the V, J and D gene families used to
make the various V domains. We have observed no
patterns that would lead us to predict which VH and
VL domains will inhibit other domains, nor have we
been able to observe any pattern that would enable
us to predict which active VH and VL domains would
be susceptible to such inhibition. However, the
number of hybrid pairs we have been able to cre-
ate, test and analyze is rather small and, thus, any
meaningful correlations may remain hidden. Nev-
ertheless, by simply combining all of the active VH
or VL FAPs we have isolated with inactive partner
domains of the complementary type, we have been
able to find at least one pairing in an scFv structure
where significant inhibition of the active domain is
observed.

4.2 Potential uses of inhibited hybrids

Our scFv hybrids that have low fluorogen-activat-
ing activity still contain an active V domain that is
being masked by the attachment of another V do-
main through the flexible (Gly4Ser)3 linker. These
hybrids are excellent platforms for the develop-
ment of genetically encoded “light-up” biosensors.
If the three-dimensional structure of this two-do-
main protein could be altered by some post-trans-
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lational modification to expose or reveal the dye-
binding site in the active domain, the fluorogenic
dye activation activity should reappear. A wide
range of possible uses for this platform can be
imagined. For example, if a site-specific protease
recognition sequence were inserted into the flexi-
ble linker of an inhibited hybrid, cleavage by the
cognate protease would allow the inhibiting and
active domains to dissociate, a separation driven by
the increase in translational entropy.This dissocia-
tion should remove the inhibition, allow the active
domain to bind a fluorogenic dye and cause an in-
crease in a fluorescence signal. In effect, the engi-
neered hybrid protein could be a genetically en-
coded, protein-based, fluorescence-generating
protease biosensor. In a similar fashion, amino acid
sequences that are targets for other post-transla-
tional modifications, such as phosphorylation,
acetylation, etc., can be incorporated into the inhib-
ited hybrid. Enzymatic action at those sites might
change the tertiary structure of the hybrid by a suf-
ficient amount to allow fluorogenic dye binding and
activation. Some of these types of applications to
create biosensors will be discussed in a later report.
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