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ABSTRACT: Novel fluorescent tools such as green fluo-
rescent protein analogues and fluorogen activating proteins
(FAPs) are useful in biological imaging for tracking protein
dynamics in real time with a low fluorescence background.
FAPs are single-chain variable fragments (scFvs) selected from
a yeast surface display library that produce fluorescence upon
binding a specific dye or fluorogen that is normally not
fluorescent when present in solution. FAPs generally consist of
human immunoglobulin variable heavy (VH) and variable light
(VL) domains covalently attached via a glycine- and serine-rich
linker. Previously, we determined that the yeast surface clone,
VH-VL M8, could bind and activate the fluorogen dimethyl-
indole red (DIR) but that the fluorogen activation properties
were localized to the M8VL domain. We report here that both nuclear magnetic resonance and X-ray diffraction methods indicate
the M8VL forms noncovalent, antiparallel homodimers that are the fluorogen activating species. The M8VL homodimers activate
DIR by restriction of internal rotation of the bound dye. These structural results, together with directed evolution experiments
with both VH-VL M8 and M8VL, led us to rationally design tandem, covalent homodimers of M8VL domains joined by a flexible
linker that have a high affinity for DIR and good quantum yields.

The development of fluorescent technologies has revolu-
tionized cellular imaging and molecular biology, and the

utility of genetically encoded fluorescent proteins, such as green
fluorescent protein (GFP), for the detection of particular
proteins of interest is well-documented.1 There is still a need
for additional, well-characterized tools that provide real-time,
high-signal-to-noise fluorescence and demonstrate a high
fluorescence quantum yield (ϕf), photostability, and a broad
spectral range. Fluorogen activating proteins (FAPs) are part of
novel, immunoglobulin-based, fluoromodule platforms that
induce fluorescence emission of cognate fluorogenic dyes in
solution.2 FAPs cause a dramatic increase in the ϕf or
fluorescence enhancement of the fluorogenic dyes that they
bind. These fluoromodules have enhanced photostability
because of the exchange of bleached dye. Their fluorescence
emission spans the visible spectrum from blue to far red,
comparable to those of other fluorescence proteins, and often a
single FAP can activate multiple dyes.3−5 The fluorogenic dyes
bound by FAPs have low fluorescence background in aqueous
solution and undergo increases in fluorescence of as much as
2000-fold upon interaction with a cognate FAP. Previous

studies give some insight into the generation of fluorescence
from fluorogens, showing that these compounds become
fluorescent when the rotation of the aromatic functional groups
is restricted by a binding partner, such as upon intercalation
into DNA.6

Several FAPs that activate the red (640 nm) emitting
fluorogenic dye, dimethylindole red (DIR), were isolated.3

These FAPs are isolated from a naiv̈e human IgG single-chain
Fv (scFv) library created in a yeast surface display vector
typically consisting of IgG variable heavy (VH) and light (VL)
chain domains covalently connected by a flexible linker
comprised of serine and glycine repeat sequences.7−9 Two of
these FAPs, named VH-VL M8 and VH-VL K10, were unusual in
that they both contained identical VL domains but different VH

domains. On the basis of the sequence similarity between M8
and K10, it was proposed, and demonstrated experimentally,
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that the VL domain alone was sufficient in the yeast surface
display format to bind and activate DIR.10

The VL domain of M8 provides the opportunity to
investigate the potential for optimization of DIR fluoromod-
ules. Improvements in the ϕf and the affinity of fluoromodules
for the dye are desirable, so that they will produce stronger
fluorescence intensities for light microscopy at lower dye
concentrations. Previously isolated FAPs have ϕf values that
compare favorably to those of other fluorescent proteins, yet
the extent by which the ϕf values of DIR activating FAPs can be
improved has not yet been determined.2 To improve the
characteristics of FAP−fluorogen pairs, FAP genes can be
subjected to directed evolution, utilizing polymerase chain
reaction-based mutagenesis, transformation back into yeast, and
selection by a fluorescence-activated cell sorter (FACS).11,12

Because the VH-VL M8 FAP is active in both the original
isolated VH-VL (scFv) format and an isolated VL domain
(M8VL), we were able to compare the directed evolution of this
FAP in the two different formats. The aim of this study was to
improve our understanding of the mechanism for DIR
activation by the M8VL FAP, in particular determination of
the conformational restraints placed on DIR. Following the
directed evolution experiments, rational design of the linker
region and structural analysis of the active form of the M8VL
FAP were undertaken to improve our understanding of this
unusual interaction and the mechanism by which the M8VL
FAP can activate DIR. This study describes the first structural
data for FAP-induced fluorescence activation of the environ-
mentally sensitive fluorogen DIR.

■ EXPERIMENTAL PROCEDURES

Directed Evolution. Directed evolution of VH-VL M8 and
M8VL genes was accomplished through error-prone polymerase
chain reaction (PCR), homologous recombination, and FACS
enrichment as previously described.2,11 Three rounds of FACS
enrichment of a library of mutants with a diversity of 106 were
performed at 250 pM DIR for VH-VL M8 and 1 nM DIR for the
M8VL domain. During the final round of sorting, cells were
autocloned onto induction plates and visually screened for
fluorescence enhancement.3 Further details regarding the
directed evolution enrichments for M8 VHVL and M8VL are
available in the Figure S1 of the Supporting Information.
Plasmid DNA from individual clones was isolated using
Zymoprep Yeast Plasmid Miniprep Kit II (Zymogen Inc.)
and transformed into bacterial MachT1 cells (Invitrogen).
Bacterial mini prep DNA was isolated (Fermentas), and the
altered genes were commercially sequenced by Retrogen.
Affinity, Fluorescence Enhancement, and Quantum

Yield Determination. The dissociation constants (KD) of
purified soluble FAPs and yeast cell surface-displayed FAPs
for DIR were determined by titrations of DIR into samples as
previously described.3 The KD value for soluble monomeric
FAPS (e.g., VH-VL) was obtained by fitting the binding data
to the standard quadratic binding equation (eq 1) using in-
house software that finds both the global and local minima
in χ2.
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where [PT] is the total concentration of the protein and [LT] is
the total concentration of the dye. Fitting synthetic data sets
indicated that it is possible to distinguish KD values as low as
0.1 nM with the protein concentrations used in this study (see
Figure S11A,B of the Supporting Information). In the case of
VL FAPs that dimerize in solution because of the addition of
DIR (M8VL, M8VLS

L55P, and Q9), a number of different
binding models are possible: (i) formation of VL-VL dimers
followed by dye binding and (ii) dye binding to one VL
monomer, followed by the addition of the second VL domain.
The second model was selected on the basis of nuclear
magnetic resonance (NMR) data that showed that both M8VL
and M8VLS

L55P are monomeric in solution at concentrations of
∼500 μM. Consequently, the binding curves were fit to the
model illustrated in Scheme 1, using the equations provided by

Mack et al.13 In this case, the concentration of the VL−DIR
intermediate species was assumed to be small, based on NMR
studies with both M8VL and M8VLS

L55P. Consequently, α was
set at 107 to ensure that [(VL)2DIR] > [VL−DIR]. The overall
dissociation constant for the reaction, KD

2/α, was insensitive to
the choice of α for values of ≥105. Note that the overall
dissociation constant for this reaction reports on both the dye−
protein interaction (KD) and the interaction of the free protein
with the protein−dye complex (KD/α). Because we cannot
determine α independently, we report the overall affinity, KD

2/
α. For both models, the fitted parameters were the KD, the
fluorescence at saturation, Fmax, and the total protein
concentration, [PT]. In the case of M8VL, a plot of χ2 versus
[PT] yielded a number of essentially equivalent local minima, in
which case the minimum closest (within 10%) to the
experimentally measured protein concentration was selected.
Errors in KD were obtained by generating random data sets,
assuming the error for each data point followed a normal
distribution, and then determining the distribution of the
resultant KD values. Because of the high affinity associated with
the synthetic tandem dimers, it was not possible to compare the
effect of the serine to proline mutation (M8VL vs M8VLS

L55P)
on the affinity of DIR when these FAPs were in the dimer form.
However, a quantitative comparison was possible using the
isolated VL domains because the apparent affinity can be
controlled by the judicious choice of the protein concentration.
Data for binding of FAPs on the yeast surface were fit using a

single-site binding model, assuming that the concentration of
free DIR equaled the total amount of DIR
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A preliminary FACS screen was run prior to all titration
assays to determine levels of cell surface FAP expression and

Scheme 1a

aDIR binds to the VL domain with a dissociation constant of KD,
forming the VL−DIR species. The binding of a second VL then occurs
with a dissociation constant of KD/α, where α represents a
cooperativity parameter.

Biochemistry Article

dx.doi.org/10.1021/bi201422g | Biochemistry 2012, 51, 2471−24852472



nonviable yeast cells on all FAP constructs, including
uninduced control samples. Fluorescence enhancement mea-
surements were performed as described previously.2

Quantum yields were determined as previously described5

utilizing two cross-calibrated reference standards, Cy5.18 and
Cresyl Violet, based on the spectral overlap with DIR, and data
were analyzed with Origin or GraphPad.14

Cloning and Protein Expression and Purification.
M8VL tandem dimer genes were constructed using the wild-
type gene and a synthetic, Escherichia coli codon-optimized,
M8VL gene (DNA 2.0) that altered the nucleotide sequence
but not the amino acid sequence, to prevent homologous
recombination of the duplicated genes. The synthetic M8VL
gene was ligated into the 5′ end of wild-type M8VL using the
NheI and BamHI restriction sites in the pPNL6 plasmid
containing the wild-type M8VL gene. Clones were sequenced to
confirm the presence of the 5′ synthetic gene and the (G4S)3
linker region followed by the 3′ wild-type gene.
Tandem dimers of M8VL with longer (G4S) repeats in the

linker were constructed by inserting oligomers of differing
lengths into the BamHI restriction site at the beginning of the
(G4S) linker of the pPNL6-M8VL tandem dimer described
above. The oligomer pair for adding one (G4S) repeat included
5 ′ G A T C A G G T G G C G G T G G C A G C A 3 ′ a n d
5′GATCTGCTGCCACCGCCACCT3′. The oligomer pair
for inserting three (G4S) repeats included 5′GATCAGGT-
GGCGGTGGCAGCGGCGGTGGTGGTTCCG -
G A GGCGGCGGT T C T A 3 ′ a n d 5 ′GA TC T A -
GAACCGCCGCCTCCGGAACCACCACCGCCGCTGC-
CACCGCCACCT3′. Complementary oligomers were annealed
by incubating the oligomer for 5 min at 95 °C and then cooling
slowly it to 23 °C prior to ligation in buffer [50 mM potassium
acetate, 20 mM Tris-acetate (pH 7.9), 10 mM magnesium
acetate, and 1 mM dithiothreitol]. DNA sequencing confirmed
insertion of the extended linker oligomers.
All genes were amplified via PCR with primers containing

nonidentical SfiI restriction sites that are compatible with
the SfiI sites in the hexahistidine-containing pAK400 E. coli
periplasmic expression vector (gift from A. Plückthun). These
primers are 5′GGCCCAGCCGGCCATGGCGGGTTCTGC-
TAGCCAGCCTGTGC3′ and 5′GGCCCCCCAGGCCGC-
TAGGACGGTGACCTTGGTCC3 ′ . M8VL, a mutant
M8VLS

L55P, and all tandem dimer SfiI-tailed PCR products
were blunt cloned into the pJET plasmid (Fermentas), sequ-
enced, and then inserted into pAK400 via SfiI sites. Selected
genes were also cloned into the pPNL9 yeast secretion plasmid
by gap repair and transformation into yeast strain YVH10 as
previously described.2

M8VL and M8VLS
L55P proteins were produced in milligram

quantities for crystallographic studies from the pAK400 vector
in E. coli MachT1 (Invitrogen) cells. Typically, 3 g of cells from
0.5 L of culture was lysed in 20 mL of buffer [50 mM Tris-HCl
(pH 7.5), 750 mM NaCl, 0.1% Triton X-100, and 0.05%
Tween 20] for 10 min in a cell homogenizer (Avestin
EmulsiFlex-C3). The lysate was centrifuged for 30 min at
28000g, and the supernatant fraction batch bound to nickel
agarose resin (ThermoFisher). The nickel resin was washed in
10 column volumes of buffer [20 mM imidazole, 10 mM Tris-
HCl (pH 8.0), 50 mM KH2PO4, and 300 mM NaCl], followed
by 10 column volumes of buffer [20 mM imidazole, 10 mM
Tris-HCl (pH 8.0), 50 mM KH2PO4, and 750 mM NaCl] and
2 column volumes of buffer [50 mM imidazole, 10 mM Tris-
HCl (pH 8.0), 50 mM KH2PO4, and 300 mM NaCl]. The

protein was recovered in elution buffer [250 mM imidazole,
10 mM Tris-HCl (pH 8.0), 50 mM KH2PO4, and 300 mM
NaCl]. Proteins were further purified by ion exchange
chromatography on a HiTrap XP XL column (GE Healthcare)
following dialysis into 50 mMMES (pH 6.0) and 50 mM NaCl.
A linear gradient from 50 mM to 1 M NaCl was used to elute
the protein from the ion exchange column. Protein prepara-
tions were analyzed by sodium dodecyl sulfate−polyacrylamide
gel electrophoresis to determine purity. M8VL was further
purified by size exclusion chromatography on a Superdex 200,
10/30 column in 0.2 M Tris (pH 7.5) and 0.15 M NaCl.
To allow labeling with 13C for NMR experiments, the M8VL

gene was transferred from the pAK400-M8VL vector, using
flanking NdeI and HindIII sites (enzymes from New England
Biolabs), into the pET22b+ plasmid (Novagen). Studier’s
minimal medium was used to produce labeled M8VL [50 mM
Na2HPO4, 50 mM KH2HPO4, 25 mM (15NH4)2SO4, 0.5%
glucose, 1× trace metals, and 2 mM MgSO4].

15 The 15N source
was (15NH4)2SO4, and the 13C source was glucose, both from
Cambridge Isotope Laboratories. The labeled protein was
purified essentially as described above.

Crystallization, Data Collection, and Structure Deter-
mination. Crystal structures were determined for M8VL,
M8VL with DIR, and M8VLS

L55P with DIR. Data collection and
refinement statistics for the three structures are summarized in
Table 3. For all three structures, data were processed with
HKL-2000,16 phases were determined by molecular replace-
ment using Phaser,17 and model building and refinement were
conducted with Coot,18 Refmac5,19 and Phenix.20 The
coordinates are numbered by the Kabat convention.21

M8VL was cocrystallized with DIR by mixing M8VL [15 mg/mL
in 0.2 M Tris and 0.15 M NaCl (pH 7.5)] with a 5-fold
molar excess of DIR [10 mg/mL in 20% DMSO, 0.2 M Tris,
and 0.15 M NaCl (pH 7.5)]. Initial crystallization conditions
were identified by screening 384 different solutions with the
Topaz System (Fluidigm),22 and the crystal used for data
collection was grown at 22 °C in a sitting drop with a well
solution of 35% PEG 1500. The crystal was cryoprotected with
a mixture of 90% well solution and 10% PEG 200 and
cryocooled by being plunged into liquid nitrogen. Data were
collected at the Advanced Photon Source, beamline 23-ID-B, to
a resolution of 1.50 Å, and the structure was determined by
molecular replacement using the λ light chain variable domain
from Fab 2219 [Protein Data Bank (PDB) entry 2b0s] as a
starting model. The final model (PDB entry 3T0W) contains
two M8VL molecules in the asymmetric unit (residues A1−108
and B1−108), two half-occupancy DIR molecules, two chloride
ions, two PEG molecules, and 319 waters and has Rcryst and Rfree
values of 14.8 and 18.3%, respectively.
M8VL [15 mg/mL in 0.2 M Tris and 0.15 M NaCl (pH 7.5)]

in the absence of DIR was crystallized at 22 °C in sitting drops
with a well solution of 2 M ammonium sulfate, 2% PEG 400,
and 0.1 M HEPES [4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid] (pH 7.5) that represented a condition originally
identified using the JCSG/IAVI CrystalMation robot (Rigaku)
and screening 384 different conditions at two different
temperatures. The crystals were cryoprotected with a mixture
of 70% well solution and 30% ethylene glycol and cryocooled
by being plunged into liquid nitrogen. Data were collected at
the Advanced Light Source, beamline 4.2.2, to a resolution of
1.45 Å. The structure was determined by molecular replace-
ment with search model coordinates consisting of one
VL domain from the previously determined M8VL structure.
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The final model (PDB entry 3T0V) contains one unliganded
M8VL molecule in the asymmetric unit (residues A1−110), 127
waters, one Tris, one sulfate ion, four ethylene glycol molecules,
and two PEG molecules. The final Rcryst and Rfree values were
17.9 and 20.8%, respectively.
M8VLS

L55P cocrystallized with DIR was formed by mixing
M8VLS

L55P (3 mg/mL) with a 10-fold molar excess of DIR
(10 mg/mL in 20% DMSO, 0.2 M Tris, and 0.15 M NaCl) and
concentrating the mixture to 15 mg/mL. Initial crystallization
screening was conducted with the CrystalMation robot, and the
crystal used for data collection was grown in a sitting drop with
a well solution of 0.25 M ammonium sulfate and 30% PEG
4000. The crystal was cryoprotected with a mixture of 70% well
solution and 30% ethylene glycol and cryocooled by being
plunged into liquid nitrogen. Data were collected at the
Advanced Photon Source, beamline 23-ID-B, to a resolution of
1.95 Å, and the structure was determined by molecular
replacement using one VL domain from the M8VL structure
as a starting model. The final model (PDB entry 3T0X)
contains two M8VLS

L55P molecules (residues A1−108 and B1−
106), one DIR molecule with two alternate conformations for
the indole moiety, one sulfate ion, seven ethylene glycol
molecules, and 147 waters. The final Rcryst and Rfree values were
20.9 and 24.0%, respectively.
NMR Analysis. Purified M8VL protein was dialyzed into

buffer [10 mM Na2HPO4 (pH 6.3) 250 mM NaCl] with
0.75 mM arginine and 0.75 mM glutamate to reduce the level
of aggregation and 0.02% azide.23The protein was concentrated
to 0.9 mM for NMR relaxation experiments. The M8VL
fluoromodule with DIR was formed using a 4:1 molar ratio
of lyophilized DIR that was resuspended in the dialyzed protein
sample and incubated overnight. NMR experiments were
performed with a Bruker 600 MHz NMR spectrometer fitted
with a cryoprobe at 304 K. The spectra were processed with
NMRPipe.24 The T1, T2, and heteronuclear NOE experi-
ments25 with 15N-labeled material were analyzed using
NMRViewJ.26 In-house scripts were used to further analyze
the data and prepare the input files for Relax-NMR.2728−31 The
global correlation times, τm, were determined using the “model-
free.py” script available in Relax-NMR.32−34The theoretical
values for global correlation time were obtained using
HYDRONMR.35 Standard multinuclear NMR sequences36,37

were used in conjunction with 15N- and 13C-labeled material to
obtain resonance assignments for main chain atoms in the
unliganded complex utilizing an in-house Monte Carlo-based
assignment program.38 Interproton NOEs were obtained from
15N-separated NOESY experiments that detected either the 1H
frequency or the 13C frequency of the attached carbon of
protons that were dipolar coupled to NH protons.39

Calculation of Protein−DIR van der Waals Energies.
CHARMM version 33b240 was used to compare van der Waals
energies using the top aa22 parameter file. Bond lengths, angles,
and planar torsional angles for DIR were obtained from the
X-ray coordinate files described in this paper. Standard non-
bonded atom parameters were used for aliphatic and aromatic
carbons and hydrogens in DIR. The protein−DIR system was
minimized with 100 steps of steepest decent, and then adopted
basis set Newton−Raphson minimization was applied until the
energy converged. During the minimization, the protein main
chain N, Cα, and carbonyl atoms were constrained to positions
in the original X-ray structure. The difference between the van
der Waals energy for the protein plus DIR minus the protein
without DIR was used to determine the contribution of
protein−DIR interactions to the van der Waals energy.

■ RESULTS

Directed Evolution of the VH-VLM8 FAP. To determine if
changes in affinity and quantum yield can increase the
fluorogenicity of VH-VL M8, directed evolution was performed
using FACS selection for increased fluorescence of yeast
surface-displayed FAP at low DIR concentrations.8 The FACS
enrichment selections were conducted at 250 pM DIR after the
yeast cell surface affinity of VH-VL M8 had been determined to
be 1.2 nM (Figure S1A−C of the Supporting Information).
Each round of enrichment and selection monitored both the
amount of yeast surface expression and the intensity of the DIR
fluorescence signal of cells in the mutagenized population.
Single cells were isolated during the third cycle of enrichment
as described previously.9 Individual clones of interest were
identified on the basis of visual inspection for increased
fluorescence on induction plates compared to wild-type VH-VL
M8. Amino acid changes were identified by DNA sequencing.
DIR ϕf and fluorescence enhancement of cell surface-displayed
FAPs were then determined by FACS analysis of individual
clones. The equilibrium dissociation constants for isolated
clones from directed evolution were initially determined to
identify mutants with enhanced binding to DIR (Figure S2 of
the Supporting Information). These measurements identified
three classes, as determined from sequence length and
alignment to the original VH-VL M8, from a total of 12 single
clones (Figures S3 and S4 of the Supporting Information).
The first class of isolated clones, which have both VH and VL

domains, is represented by L9 in Table 1 (see Figure S2 of the
Supporting Information for binding curves of FAPs on the yeast
surface and Figure S5 of the Supporting Information for the
binding curves of soluble Q9 and J8); the yeast surface display
fluorescence enhancement of this clone was increased 5-fold
versus the parent M8. Sequence analysis revealed several amino

Table 1. Characteristics of Clones Isolated via Directed Evolution of VH-VL M8 and M8VL FAPs

clone format
fluorescence enhancement (YSD)a

(x-fold) soluble KD or KD
2/α ϕf

mutations in the sequence different from wild type (VH-VL M8
or M8VL)

M8 VH-VL 1.0 not determined
L9 VH-VL 5.7 not determined FH29S, WH36C, AH93V, IH113iT
Q9 VL 3.8 (1.3 ± 0.3) × 10−15 M2 0.19 QL1R, TL14I, D L30G, QL37R, SL55P, FL62L, SL80P
J8 VL-VL 6.4 <0.1 nMb VL1, D

L85N, KL103T, LL107S, IL108iT; VL2, S
L9P, SL32P

M8VL VL 3.7 (2.5 ± 0.7) × 10−15 M2 0.71
M8VLS

L55P VL 8.2 (1.0 ± 0.5) × 10−16 M2 0.58 SL55P
aFluorescence enhancement is calculated as the DIR fluorescence signal normalized for cell surface expression for each individual clone, divided by
the equivalent value for the wild-type parent (VH-VL M8). The concentration of Q9 was 33 nM, that of J8 9 nM, that of M8VL 10 nM, and that of
M8VLS

L55P 135 nM. bData were equally well fit to a wide range of Kd values of <0.11 nM.
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acid changes in the VH domain of clone VH-VL L9 (FH29S,
WH36C, AH93V, and IH113iT), according to the Kabat numbering
system (H113i is an extension of Kabat numbering based on
extra residues on the C-terminus of the M8 heavy chain).21

A second class of clones, which have only the VL domain, is
represented by Q9 in Table 1. This clone displayed an
increased fluorescence enhancement of 4-fold above the VH-VL
M8 parent. Sequence analysis revealed that this clone contained
seven mutations in the VL domain (QL1R, TL14I, DL30G, QL37R,
SL55P, FL62L, and SL80P), in addition to suffering deletion of the
VH domain (Figure S4 of the Supporting Information).
A third class represented by one clone, J8, had a 6-fold

increase in fluorescence enhancement compared to the parent
VH-VL M8 (Table 1). This clone is remarkable in that it is a
“pseudodimer” gene containing two tandem-linked VL domains,
presumably generated by recombination during the yeast gap
repair process used in the creation of the directed evolu-
tion library. Each of the two VL domains is approximately
95% homologous to the VL domain of the parent VH-VL M8
(Figure S6 of the Supporting Information). The VL-VL J8
pseudodimer displayed six total amino acid substitutions in
both light domains. Four changes were present in the N-
terminal light chain, DL85N, KL103T, LL107S, and IL108iT, and two
additional changes were present in the C-terminal light chain,
SL9P and SL32P. The pseudodimer contains 12 residues that do
not align with the M8VL sequence and are located prior to the
flexible linker. These residues align with the region of VH M8
that is N-terminal to the linker. They are described as AL108a,
SL108b, TL108c, KL108d, GL108e, PL108f, SL108g, GL108h, TL108i, LL108j,
and GL108k because they are not found in conventional
antibodies and are an addition to the typical Kabat numbering
scheme (Figure S7 of the Supporting Information). Homolo-
gous recombination is likely to have generated these additional
residues as well.
Directed Evolution of the M8VL FAP. Directed evolution

of M8VL was performed as described above using a DIR
concentration of 1 nM during FACS sorting (Figure S1D−F of
the Supporting Information). This selection generated a single
class of clones, represented by clone A4 in Table 1, with a >8-
fold increase in fluorescence enhancement compared to the
parent M8VL−DIR species (Table 1). All 16 clones from this
class contained only one change of serine to proline at position
55 (SL55P). This clone is subsequently termed M8VLS

L55P, in
accordance with Kabat nomenclature.
Characterization of Tandem Homodimers of M8VL

FAPs on the Yeast Cell Surface. The isolation of a tandem
linked VL-VL J8 pseudodimer from the directed evolution of
VH-VL M8 led us to engineer tandem homodimer genes of the
M8VL domain and investigate the effect of different (G4S)
linker lengths on fluorescence enhancement. Yeast cell surface
expression and fluorescence enhancement measurements of
clones with different linker lengths were performed. There was
no significant difference in the DIR affinity of tandem
homodimers with extended (G4S) linkers based on cell surface
affinity measurements (Figure S8 of the Supporting Informa-
tion). None of the linker lengths were less than (G4S)3 (15
amino acids) and thus not predicted to form diabodies or
triabodies.41,42 Fluorescence enhancement was increased 2-fold
for homodimers containing the (G4S)4 or (G4S)6 linker. The
tandem homodimer gene made from the M8VLS

L55P domain
produced a FAP with a 3.5-fold increased fluorescence
enhancement compared to the similar tandem homodimer
made with the M8VL domain (Table 2).

Characterization of VH -VL M8, M8VL, and Tandem VL
Homodimer FAPs as Soluble Proteins. To verify that the
affinity of the FAPs for DIR is not influenced by the yeast
surface display of the protein, we attempted to express soluble
versions of these FAPs. The parent VH-VL M8 FAP showed a re-
markable affinity for DIR on the yeast cell surface (KD = 1.2 nM);
however, a KD for the soluble protein produced by yeast
secretion could not be determined by fluorescence measure-
ments (Figure S9 of the Supporting Information). The purified
VH-VL M8 protein showed a complete absence of fluorogen
activation. To date, no other FAPs that we have characterized
have shown strong affinity or activity by cell surface titration
measurements but a complete lack of activity when assayed as a
soluble protein. The yield of yeast secreted protein from VH-VL
M8 was unexpectedly low, based on the typically strong
correlation of yeast secretion yield and yeast surface dis-
play.43,44 Thus, further biochemical characterization of the
soluble VH-VL M8 protein was not possible because of the low
protein expression levels by either yeast secretion or bacterial
expression (data not shown). Similarly, no characterization was
possible for purified proteins from any of the clones from
directed evolution that contained the VH domain of VH-VL M8
(such as VH-VL L9), because of poor protein expression levels
(data not shown). However, the purified soluble VL-VL J8
pseudodimer protein has a KD for DIR of <0.1 nM (Table 1).
This dissociation constant is similar to that found for the
synthetic VL dimer [M8VL(G4S)3]; however, the low KD values
for these two proteins preclude an accurate comparison of their
KD values. Determination of ϕf for J8 FAP was not possible
because of the low protein yield.
The solution binding properties of three different monomer

VL FAPs were studied, Q9, M8VL, and M8VLS
L55P. The

purified M8VL protein showed an overall dissociation constant
of 2.5 × 10−15 M2 (Figure 1) and a robust ϕf of 71%. The
affinity of the M8VLS

L55P mutant increased >10-fold to 1.0 ×
10−16 M2 (Figure 1). Because of the nature of the binding
reaction, the amount of DIR required to half-saturate the
protein (apparent KD) depends on the protein concentration;
at a protein concentration of 1 nM, the apparent KD values
would be 2.5 μM for M8VL and 0.1 μM for M8VLS

L55P, i.e., an
∼25-fold increase in affinity. Although the M8VLS

L55P mutant
protein showed an increase in affinity, the ϕf decreased to 58%
(Table 1). The increase in the affinity of M8VLS

L55P is greater
than that observed for the VL domain isolated during affinity
maturation of the original VL-VH construct (Q9); the overall
dissociation constant of the soluble Q9 protein for DIR is 1.3 ×
10−15 M2. Although the affinity of Q9 for DIR is ∼2-fold higher

Table 2. Results of Altering Glycine- and Serine-Rich Linker
Lengths in Tandem Homodimers Created from M8VL

clone

no. of (G4S)
repeats in
linker

fluorescence
enhancement

(YSD)a

soluble
KD

(nM) ϕf

dM8VL(G4S)3 3 1.0 <0.1b 0.38
dM8VL(G4S)4 4 2.0 <0.1b 0.64
dM8VL(G4S)6 6 2.0 <0.1b 0.55
dM8VLS

L55P(G4S)3 3 3.4 <0.1b 0.14
aFluorescence enhancement is calculated as the DIR fluorescence
signal normalized for cell surface expression for each individual clone,
divided by the equivalent value for M8VL. The concentration of
dM8VL(G4S)3 was 3 nM, that of dM8VL(G4S)4 3 nM, that of
dM8VL(G4S)6 3 nM, and that of dM8VLS

L55P 12 nM. bData were
equally well fit to Kd values of <0.1 nM.
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than that of M8VL, the ϕf is relatively low, 19% (Table 1).
There were no significant differences observed in the DIR

absorbance spectra of fluoromodule M8VL or Q9VL, despite
differences in ϕf (Figure S10 of the Supporting Information).
We also analyzed the affinities for DIR and ϕf values of the

soluble proteins made by M8VL tandem dimers with modified
linker lengths. Altering the (G4S) repeats produced soluble
proteins with differing ϕf values. The KD values of the M8VL
dimer with the (G4S)3, (G4S)4, or (G4S)6 linker was <0.1 nM,
and thus, it is not possible to compare the KD values for these
different constructs. The quantum yield was somewhat
dependent on the length of the linker; a value of 38% was
found for the (G4S)3 linker, 64% for the (G4S)4 linker, and
55% for the (G4S)6 linker (Table 2 and Figure S11B of the
Supporting Information). A slight decrease in the quantum
yield for the longer linker may be due to the formation of
intermolecular complexes, similar to diabodies or triabodies,
but this was not indicated by size exclusion chromatography
(Figure S12 of the Supporting Information). The M8VLS

L55P
dimer with a (G4S)3 linker has a KD of <0.1 nM and the lowest
ϕf of 14% (Table 2).

Structure of Unliganded M8VL and Cocrystals of M8VL
and M8VLS

L55P with DIR. To investigate the mechanism of
DIR fluorescence activation by the M8VL FAPs and to

Figure 1. Determination of equilibrium dissociation constants for
soluble M8VL and M8VLS

L55P. Fluorescence data for M8VL (●) and
M8VLS

L55P (■) were fit to Scheme 1. Solid lines show the best fit to
the data. Error bars for the individual data points are within the size of
the plotted points. Serial dilutions of DIR were added to 11 nM
soluble M8VL or 135 nM soluble M8VLS

L55P protein in buffer [PBS
(pH 7.4) with 2 mM EDTA and 0.1% (w/v) Pluronic F-127].

Table 3. Data Collection and Refinement Statistics for M8VL and M8VLS
L55P

M8VL (no DIR) M8VL−DIR M8VLS
L55P−DIR

Data Collection
beamline ALS 4.2.2 APS 23-ID-B APS 23-ID-B
wavelength (Å) 1.000 1.033 0.722
resolution (Å)a 1.45 (1.48−1.45) 1.50 (1.53−1.50) 1.96 (1.98−1.96)
space group C2221 P21212 P43212
a, b, c (Å) 83.66, 93.64, 30.57 73.90, 83.53, 35.14 83.49, 83.49, 76.35
no. of observationsa 80786 (2233) 250067 (11950) 240775 (12015)
no. of unique reflectionsa 21290 (830) 35526 (1758) 20018 (977)
completeness (%)a 97.7 (79.2) 99.9 (100.0) 100.0 (100.0)
Rsym (%)a,b 4.3 (31.7) 8.7 (53.7) 8.7 (54.9)
average I/σa 30.1 (2.4) 28.2 (4.2) 35.5 (4.9)

Refinement (all reflections of >0.0σF)
resolution (Å) 29.2−1.45 41.8−1.50 37.3−1.96
no. of reflections (working set) 20190 33690 18888
no. of reflections (test set) 1090 1779 1048
Rcryst (%)

c 17.9 14.8 20.9
Rfree (%)

d 20.8 18.3 24.2
no. of protein atoms 845 (29 in alternate conformations) 1670 (70 in alternate conformations) 1662 (14 in alternate conformations)
no. of DIR atoms 0 32 (32 in alternate conformations) 32 (18 in alternate conformations)
no. of waters 127 319 (8 in alternate conformations) 138
no. of solvent atoms 51 12 33
average B value (Å2)

chain A 18.9 11.7 32.5
chain B not available 15.5 46.6
DIR not available 16.0 27.6
Wilson B value (Å2) 15.1 11.7 26.6

Ramachandran plot
most favored 90.3 90.7 85.4
additionally allowed 8.6 8.2 12.9
generously allowed 0.0 0.0 0.6
disallowede 1.1 1.1 1.1

rmsd
bond lengths (Å) 0.006 0.005 0.011
bond angles (deg) 1.12 1.30 1.45

aNumbers in parentheses are for the highest-resolution shell of data. bRsym = ∑hkl|I − ⟨I⟩|/∑hklI.
cRcryst = ∑hkl|Fo − Fc|/∑hkl|Fo|.

dRfree is the same as
Rcryst, but for 5% of the data excluded from the refinement. eResidue Asn51, which is in a conserved γ-turn and is almost always found in this region in
antibody structures.
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understand the increased affinity and altered fluorescence
enhancement of the M8VLS

L55P mutant, we determined the
crystal structure of two of these proteins (Table 3). Crystal
structures were obtained for both M8VL and M8VLS

L55P in
complex with DIR (1.5 and 1.96 Å resolution, respectively), as
well as M8VL in the absence of DIR (1.45 Å resolution). In all
three crystal structures, the M8VL or M8VLS

L55P domains
adopt a typical Ig fold. CDR loops from VL domains from all
three structures adopt the expected canonical structures and are
classified as L1 = 5λ/13A, L2 = 1/7A, and L3 = 5λ/11A.45,46

Both M8VL and M8VLS
L55P crystallize as a noncovalent

homodimer of VL domains, with the DIR molecule packed
tightly at the homodimer interface (Figure 2). In both
structures, the VL domains are related by an approximate
noncrystallographic 2-fold axis, with an angle of ∼178° relating
the two VL domains in each structure, and the DIR molecules
bound on the noncrystallographic symmetry (NCS) axis
(Figure 3 and Table 4). In the M8VL structure, the DIR
occupies two conformations, related by the approximate NCS.
In the M8VLS

L55P structure, only the indole ring adopts
alternate conformations, also related by the NCS 2-fold axis
(Figure 4). The alternate conformations of the DIR are a
crystallization artifact, where the VL dimer binds DIR in one
single conformation but the complex then crystallizes in two
orientations around the NCS 2-fold axis. In the absence of the
DIR, M8VL crystallizes with one monomer in the asymmetric
unit. This monomer does not closely associate with any
symmetry-related neighbors to form a dimer in the crystal
(Figure 7A). The homodimeric arrangement seen for M8VL

and M8VLS
L55P differs strikingly from that seen for a VL-VH

dimer in an Fab molecule and also differs from any VL-VL dimer
structures found in the PDB in that the two VL domains are
antiparallel (Figure S13 of the Supporting Information), while
still burying the hydrophobic interface that would normally be
buried in a VL-VH interaction in a typical antibody. The DIR is
buried in a deep pocket and forms contacts primarily with the
CDR loops for both M8VL and M8VLS

L55P (Figure 2). DIR
contact residues are contributed by all CDR loops: TyrL34,
AsnL50, ArgL53, Ser/ProL55, SerL56, LeuL89, and TrpL96 (Table 4).
TyrL34 participates in π-stacking with the conjugated DIR
polymethine bridge for both M8VL and M8VLS

L55P (Figures 3
and 4), with the centroid of the TyrL34 rings located 5.6−6.1 Å
from the plane of the DIR, and angles between TyrL34 and DIR
between 31.7° and 36.7° (Figure S14 of the Supporting
Information). TyrL49 also participates in parallel π-stacking with
the DIR quinoline ring for both M8VL and M8VLS

L55P (Figures
3 and 4), with the centroid of the TyrL49 rings located 3.6−4.0 Å
from the plane of the DIR, and angles between Tyr and DIR
ranging from 5.0° to 10.7° (Figure S14 of the Supporting
Information). TrpL96 packs perpendicular to the indole ring for
both M8VL and M8VLS

L55P (Figures 3 and 4), with the
centroid of the TrpL96 ring located 5.5−5.7 Å from the plane of
the DIR with angles between the TrpL96 and indole ring ranging
from 70.3° to 78.6° (Figure S14 of the Supporting
Information). The DIR molecules are bound with nearly copla-
nar quinoline and indole rings, with angles between the two
ring systems (for the two DIR conformers) in the M8VL−DIR
protein of 8.5° and 4.4°, respectively and in the M8VLS

L55P−
DIR protein of 4.2° and 3.0°, respectively (Figures S14 and S15
of the Supporting Information).

Figure 2. Overall topology of M8VL and M8VLS
L55P bound to DIR. (A and B) M8VL binds DIR (only one DIR conformation is shown for the sake

of clarity) sandwiched between two identical VL domains (blue and light blue). The CDR1, CDR2, and CDR3 loops are colored orange, pink, and
green, respectively, and are labeled in panel A. The view in panel B is rotated 90° about a horizontal axis. (C and D) M8VLS

L55P binds the DIR in a
manner almost identical to that of M8VL. The S

L55P mutation is the only difference in sequence between the two structures. The structures were
generated with Molscript59 and Bobscript.60
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M8VL and M8VLS
L55P complexes with the DIR bury a similar

amount of molecular surface upon binding the DIR, with
573 Å2 of the protein surface and 482 Å2 of the DIR surface
buried in the M8VL complex and 581 Å2 of the protein surface

and 456 Å2 of the DIR surface buried in the M8VLS
L55P binding

pocket (Figure 3). Contacts between the DIR and protein are
all van der Waals except for hydrogen bonds between the protein
and the sulfonate groups of the DIR (Figure 4). The M8VLS

L55P
VL domains do not associate as closely with DIR, with only 53 of
75 total contacts (van der Waals and hydrogen bonds, to each
alternate conformation of DIR) to the DIR as opposed to 67 of
83 contacts seen for the M8VL−DIR complex (Table 4). In
particular, the TyrL49 of the M8VL−DIR complex has slightly
more van der Waals (10) contacts to the DIR quinoline ring
than TyrL49 of the M8VLS

L55P−DIR complex. The effect of the
reduced number of van der Waals contacts in the M8VLS

L55P−
DIR structure compared to the number in the M8VL−DIR
structure on the binding energy was investigated by calculation
of the differences in DIR binding energies between the two
structures using CHARMM. In spite of the reduced number of
van der Waals contacts in the M8VLS

L55P−DIR structure, the
overall contribution of van der Waals interactions to the DIR
binding energy is more negative in the M8VLS

L55P−DIR
complex at −48.8 kcal/mol, while the van der Waals energy is
less negative and thus less favorable at −43.5 kcal/mol for the
M8VL−DIR complex. Consequently, the replacement of serine
with proline leads to an additional stabilization of the complex
by 5.3 kcal/mol. Superimposition of the M8VL and M8VLS

L55P

Figure 3. Environment around the DIR ligand in M8VL and M8VLS
L55P. The two identical VL domains are colored blue and light blue. The CDR1,

CDR2, and CDR3 loops are colored orange, pink, and green, respectively. (A) Stereoview of the M8VL binding site with contacting residues labeled.
Serine 55 is labeled in red. (B) Stereoview of the M8VLS

L55P binding site. Proline 55 is labeled in red. Only one DIR conformation is shown for the
sake of clarity.

Table 4. Total Contacts (van der Waals and hydrogen
bonds) from M8VL and M8VLS

L55P to the DIR (alternate
conformation 1/2)a

M8VL M8VLS
L55P

residue
protein
chain A

protein
chain B

protein
chain A

protein
chain B

*TyrL34 5/10 8/5 6/6 7/7
ValL46 3/1 1/2 0/0 0/4
TyrL49 8/21 16/3 10/20 6/2
*AsnL50 0/2 1/0 0/0 0/0
*ArgL53 0/8 2/0 0/3 0/0
*Ser/ProL55 3/0 0/3 3/0 0/7
*SerL56 5/0 0/12 4/0 0/9
*LeuL89 2/2 2/4 4/4 2/2
*TrpL96 4/5 5/3 5/5 5/5
PheL98 2/2 0/0 0/0 1/7
total 32/51 35/32 32/38 21/37

aResidues in the CDR loops are demoted with asterisks. Contacts
calculated with Contacsym.58
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structures reveals no significant conformational changes
between the structures, despite a >10-fold decrease in the KD

of the M8VLS
L55P FAP for the DIR compared to that of M8VL.

The rmsds for the Cα atoms of residues 1−108 are 0.43 Å for A
chains, 0.46 Å for B chains, and 0.52 Å for both A and B chains
(A and B chains designate the two light chains). When the A
chains from each structure are superimposed, it takes an only
1.6° rotation to overlap the B chains. Thus, the M8VL and
M8VLS

L55P structures have similar tertiary and quaternary
structures. Three of the four aromatic residues that surround
the DIR are slightly closer in the M8VL complex than in the
M8VLS

L55P complex, with distances between the ring centers of
TyrL34A‑34B, TyrL49A‑49B, TrpL96A‑96B, and PheL98A‑98B of 8.6, 7.2,
8.8, and 7.3 Å, respectively, for M8VL and 8.8, 7.4, 8.6, and
7.5 Å, respectively, for M8VLS

L55P. This observation is in good
agreement with the slightly smaller number of van der Waals
contacts to the DIR for M8VLS

L55P. ProL55 is close to residue
TyrL49 that packs next to the DIR quinoline ring system. The
ProL55 residue in M8VLS

L55P packs against TyrL49 in an edge-to-
face manner, with the plane of the proline approximately 4 Å
from the edge of TyrL49 (Figure 5), and engages in stronger van
der Waals interactions with the DIR than the corresponding
SerL55 of M8VL.
The structure of unliganded M8VL is very similar to that of

the M8VL−DIR complex. The rmsd for backbone atoms is
0.95 Å, with the largest difference in backbone configuration being
in the region of PL8, which shows a 4.1 Å displacement between
the Cα atoms. Two of the aromatic side chains that π-stack on
the bound DIR, TyrL34 and TyrL49, can be superimposed in
both structures (Figure 6). In contrast, TyrL36 and PheL98,
which also interact with the bound DIR, show large changes in
side chain orientation between the unliganded form and the
M8VL−DIR complex (Figure 6). The X-ray-derived structure
of unliganded M8VL appears to reflect the solution
conformation of monomeric M8VL. A comparison of 108
HN−HN and HN−aliphatic NOE-derived distances shows only
three violations of >0.1 Å and no violations of >0.5 Å.

NMR Data Show That Dimerization of Two Mono-
meric M8VL Molecules Is Dependent on the DIR.
Attempts to measure the oligomeric state of M8VL by size
exclusion were unsuccessful because of the interaction of the
protein with the column (Figure S16 of the Supporting
Information). Consequently, solution NMR experiments were
performed to determine the 15N T2 relaxation times in the
presence and absence of the DIR to confirm that M8VL

dimerization is not an artifact of crystallization (Figure 7B).
The mean transverse relaxation time (T2) for M8VL in the
absence of the DIR was found to be ∼95.8 ms. Similar values
were obtained for M8VLS

L55P (data not shown). The mean T2

value for M8VL in the presence of DIR was 57.15 ms (Figure
S17 of the Supporting Information), and a similar decrease was
observed for M8VLS

L55P (data not shown). To verify the
oligomeric state as suggested by the T2 relaxation time, we
determined the theoretical and experimental global correlation
time (τm) using T1, T2, and heteronuclear NOE data. The τm
values for the monomer and homodimer were theoretically
determined by HYDRONMR using the appropriate PDB file.
The τm for M8VL in the absence of the DIR was 9.36 ns
compared to the theoretical τm for M8VL in the presence of the
DIR (16.38 ns). The τm values determined from the
experimental relaxation data were 9.90 ns for M8VL in the
absence of the DIR and 15.87 ns for M8VL in a complex with
DIR. These experimental data are consistent with the formation
of a dimer in solution when DIR is present.
The theoretically predicted τm for monomeric M8VL of 9.36 ns

closely matches the experimental τm value of 9.90 ns. The
experimental τm value for dimeric M8VL using the model-free
approach is 12.37 ns. The model-free spectral density function
that was used assumes a spherical shape for the molecule, while
the actual M8VL structure is more consistent with a prolate
ellipsoid with a 2:1 axial ratio. The experimental τm value for
the M8VL−DIR complex, when adjusted for this shape, is 15.87
ns, which is consistent with the predicted value of 16.38 ns for
the homodimer.47,48

Figure 4. Sulfonate−protein interactions in M8VL and M8VLS
L55P. (A) The interactions between the DIR sulfonate and M8VL show the two

orientations of the bound DIR in the crystal structure (green and yellow), and the A (light blue) and B (blue) VL chains. CDR2 is colored pink.
SerB56 and ArgA53 also sample two alternate conformations. (B) Interactions between DIR sulfonates and M8VLS

L55P. The indole ring of the DIR is
bound in two alternate conformations, and ArgB53 has two alternate conformations. In both M8VL and M8VLS

L55P, one sulfonate (top in both of
these views) has more interactions with the protein than the alternate (bottom) sulfonate. Note that SL55 or PL55 is not shown in either panel.
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■ DISCUSSION

We have described the structure−function relationship of a
novel fluoromodule based on a scFv that selectively binds the
environmentally sensitive fluorogen DIR. We were interested in
the dramatic fluorescence activation of the DIR by the VL
domain when separated from the VH domain and how it related
to the fluorescence-generating function of these domains.
Affinities and ϕf values were determined for several tandem
homodimers designed to covalently link two VL domains
containing differing serine-glycine linker repeats.
Comparison of Directed Evolution of VH-VL M8 and

M8VL FAPs. The directed evolution of VH-VL M8 produced
three distinct families of clones as opposed to the directed
evolution of M8VL that yielded a single clone. VH-VL M8
provided more genetic material for directed evolution, and

more variants were isolated, underscoring the utility of the
directed evolution approach in selecting desired protein pro-
perties without previous structural information.8 These results
also suggest that there are limitations to the usefulness of
rational design approaches, which may fail to account for
unusual protein conformations, protein−protein interactions,
or ligand interactions.
The finding that VH-VL M8 did not activate DIR when

purified as a soluble protein led us to speculate that interactions
may be occurring between neighboring FAPs on the surface of
the yeast cell. We suggest that the tight affinity of yeast surface-
displayed VH-VL M8 for the DIR is due primarily to the
proximity of two nearby VL domains as a result of the pPNL6
yeast surface display system. This proximity would allow two
nearby VL domains from two VH-VL chains to readily dimerize

Figure 5. Close-up of the M8VLS
L55P mutant. (A) Stereoview of M8VL and the interaction among the DIR, TyrL49, and SerL55. SerL55 in M8VL has

six van der Waals contacts with the DIR. (B) Same view of the M8VLS
L55P mutant. The proline ring is approximately 4 Å from the edge of the TyrL49

ring and makes 10 van der Waals contacts with the DIR.
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after addition of the DIR, as the yeast cell surface is highly
studded with expressed scFv.49,50 Homodimerization of VL

domains occurs in additional VL domains that bind the
fluorogen Malachite Green (personal communication with C.
Szent-Gyorgyi).
The two directed evolution approaches indicate that yeast

surface display favors the dimerization of M8VL, regardless of
the starting FAP, as both monomeric VL domain and covalent
VL-VL FAP clones were isolated from the directed evolution of
VH-VL M8. The strong selective pressure of 250 pM DIR is
likely responsible for the isolation of covalently linked M8VL

domains from the VH-VL M8 parent. Additionally, three VL

clones isolated without associated VH domains from VH-VL M8-
directed evolution contained cysteine substitutions in the

flexible linker normally between the VH and VL domains. These
cysteine residues might enhance dimerization on the yeast cell
surface through the formation of disulfide bonds between the
linker regions of nearby VL domains. This hypothesis is difficult
to test without disruption of disulfide bonds that anchor the
FAP to the yeast cell surface via the linkage to the Aga1p and
Aga2p proteins on the yeast cell.
The fact that directed evolution of M8VL would produce a

single clonal population was unexpected. This result is an
indication that either M8VL required less optimization to
increase affinity and ϕf than VH-VL M8 or, when displayed as a
single light domain, M8VL has more stringent structural
requirements. In the latter case, single-amino acid changes in
the VL domain have to be accommodated across the VL-VL
homodimer to allow the tight interaction of both the protein
and dye component of the fluoromodule.

Yeast Surface Display Analysis of Two-Domain FAPs.
Two clones isolated from the directed evolution of VH-VL M8
underscore the novel sequence variations that these FAPs can
undergo to cause enhancement of the fluorescence of the DIR.
Clone VH-VL L9 that resulted from VH-VL M8 enrichment
retained both VH-VL domains but contained several mutations
only in the VH domain (FH29S, WH36C, AH93V, and IH113iT).
The increased fluorescence enhancement of this clone could be
a result of VL dimer formation that is enhanced by the WH36C
mutation. This mutation might allow the formation of a
disulfide bridge between neighboring VH domains on the yeast
cell surface, facilitating greater proximity of their connected VL
domains. The VL-VL J8 tandem VL dimer isolated from directed
evolution of VH-VL M8 covalently links two M8VL domains,
resulting in a substantial decrease in KD that is comparable to
that of the synthetically constructed homodimeric M8VL(G4S)3.
It is noteworthy that VL-VL J8 also contains residue insertions
prior to the (G4S) linker region that may impart increased affin-
ity or ϕf. We hypothesize that residue insertions that originated
from the VH domain act to extend the linker length and provide
a more suitable dimer structure for the activation of the DIR.
However, the additional amino acid mutations present in both
light domains of VL-VL J8 might have an additional effect on the
affinity of VL-VL J8 for the DIR.
The isolation of the VL-VL J8 tandem VL homodimer was

novel and unexpected, which led to the investigation of
engineered tandem M8VL dimers with different linker lengths.
The additional amino acids prior to the linker region in VL-VL
J8, as well as measurements from the crystal structure, sug-
gested that a six-repeat (G4S) linker would have the most

Figure 6. Comparison of the DIR binding site in unliganded M8VL
and the M8VL−DIR complex. The bound DIR is transparent to allow
for a better view of the protein side chains. Side chains from TyrL34,
TyrL36, TyrL49, and PheL98 are shown for the unliganded (green) and
liganded (light blue) complexes.

Figure 7. Crystal structure and solution phase 15N relaxation data for monomeric M8VL. (A) Overall crystal structure of M8VL in the absence
of the DIR. This VL domain is monomeric in the crystal structure. (B) Mean NMR T2 relaxation times in the absence (gray bars) or presence
(red bars) of DIR.
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relaxed structural constraints for the DIR. The yeast surface-
displayed tandem dimers showed no significant difference in
DIR affinity regardless of linker length or inclusion of the SL55P
mutation of M8VL. Thus, the linker length between two
tandem dimers on yeast surface display does not alter the
affinity of the tandem dimers for the DIR; however, linking the
two monomers together does increase the affinity of the soluble
proteins. These data indicate that the yeast surface display
platform may allow VL-VL interactions of independently
displayed VL domains.
Differences in Fluorescence Activity for Yeast Surface

Display versus Solution. A consistent observation is that
affinities and fluorescence enhancement of fluorgen activating
proteins on the surface of yeast can be markedly different than
those obtained for the same protein free in solution. In parti-
cular, KD values for the homodimeric VL-VL proteins in solution
were consistently lower than the affinity found on the surface of
the yeast cell. For example, the KD value for M8VL(G4S)3 was
1.7 nM on the surface but substantially less than 1 nM in
solution. Similarly, J8 exhibited a surface KD of ∼10 nM, yet
the KD in solution was also less than 1 nM. One possible
explanation for this effect is that the high density of FAPs on
the surface of the protein can result in novel protein−protein
interactions. An extreme example of this is the discovery that
the soluble VH-VL M8 protein failed to activate DIR while
showing a strong fluorescence enhancement on the yeast
surface. This result suggests that in solution the VH domain
may have a high affinity for the attached VL domain, thus
preventing VL-VL homodimerization that likely occurs on the
surface of the yeast cell. Alternatively, soluble VH-VL M8 may
have a favorable affinity for the DIR but fails to restrain the
DIR in an appropriate conformation for fluorescence emission,
similar to what is predicted for other fluorogenic cyanine
dyes.51

Relationship between Mutations and Dimerization
with Respect to Affinity and Quantum Yield. The soluble
Q9 protein has a strong affinity for the DIR, but a low ϕf of
19%. The numerous mutations isolated in Q9 (QL1R, TL14I,
DL30G, QL37R, SL55P, FL62L, and SL80P) may be responsible for
the decrease in ϕf, although this effect may be combinatorial.
Both M8VLS

L55P and Q9 contain the SL55P mutation that may
cause a decrease in ϕf and potentially improve the respective
affinities. However, the ϕf of Q9 is significantly lower than that
of either M8VL or M8VLS

L55P. Thus, Q9 and M8VLS
L55P

suggest that directed evolution of FAP complexes with the DIR
does not necessarily yield simultaneous increases in both
affinity and ϕf. Further characterization of FAPs selected for
other fluorogens will determine if decreased ϕf values coupled
with enhanced affinity can occur among FAPs subjected to
directed evolution.
The linking of M8VL and M8VLS

L55P by tandem (G4S)3
linkers generated FAPs with high affinity for DIR, as expected
by reducing the entropic penalty for bringing two protein
domains together with a covalent linkage. Although the affinity
increased, the quantum yield decreased for both M8VL and
M8VLS

L55P. Alternatively, the quantum yields of the extended
dimers are larger, and thus, they are more efficient at emitting
fluorescence than the tandem (G4S)3M8VL. Thus, the affinity
and ϕf do not simultaneously increase for the different linker
constructions of the M8VL tandem homodimers. These data
taken together indicate that the conformational requirements
for the increased affinity of the fluoromodule do not produce a
robust ϕf.

X-ray Crystallography and NMR Data Support the
Homodimerization of Two M8VL Domains in the
Presence of the DIR and Elucidate the Mechanism for
Fluoromodule Fluorescence Generation. The genetic and
structural data support the conclusion that M8VL forms a
homodimer in the presence of the DIR. The crystal structures
of both M8VL and M8VLS

L55P reveal a dimer of VL domains
sandwiching the DIR and constraining the rotation of the two
DIR heterocycle rings, so that the quinoline and indole rings
are essentially planar. This nearly planar orientation may be
optimal for fluorescence decay as it allows the DIR to emit
fluorescence as it relaxes from the excited state to the ground
state while the heterocycles are fixed around the conjugated
polymethine bridge.52

NMR experiments are consistent with both M8VL and
M8VLS

L55P forming a homodimer only in the presence of DIR.
On the basis of the canonical scFv interaction between VH and
VL domains, it would be expected that the domains would have
a low micromolar KD for each other;53 however, even at ∼0.5 mM
M8VL and M8VLS

L55P in the NMR experiments, there is no
evidence of a strong interaction between light domains. The
average transverse relaxation time, T2, for monomeric M8VL
was approximately double that of the M8VL homodimer in the
presence of DIR. This result is consistent with the homo-
dimerization of M8VL only in the presence of the DIR.
The isolation of functional VL domains that possess strong

affinity for small molecule fluorogens is intriguing and shows
similarities to previous reports describing Bence-Jones proteins
isolated from multiple myeloma patients.54 Bence-Jones
proteins are immunoglobulin variable light chains that form
homodimers. It has been demonstrated that small molecule
haptens in solution penetrate into preformed crystals of Bence-
Jones proteins and the haptens interact with the hydrophobic
regions formed between two variable light domains.55,56

Although the FAPs described here are distinct from Bence-
Jones proteins as they lack a constant light chain domain, they
display low nanomolar affinity for fluorogenic compounds.
M8VLS

L55P displays a >10-fold enhancement in affinity for
DIR compared to that of wild-type M8VL, despite having fewer
van der Waals contacts with the DIR (Tables 1 and 4).
Calculations indicate that the complex between M8VLS

L55P and
the DIR is stabilized by stronger van der Waals contacts. In the
absence of detailed solution phase structural and dynamic data,
we cannot conclude precisely how the SL55P mutation increases
the affinity for DIR. One hypothesis is that the serine to proline
mutation imparts more rigidity to the M8VLS

L55P protein and
ultimately creates a less flexible dimer binding pocket for
retaining the DIR. This increased protein rigidity may reduce
entropic changes during binding, thus modulating the affinity.
These interactions will be the focus of future studies to
determine the energetics and solution dynamics that underlie
the changes in the affinity of these FAPs with the DIR.
Both M8VL and M8VLS

L55P significantly enhance the
fluorescence of the DIR, likely by constraining the angle
between the planes of the indole and quinoline groups to <10°.
Previous theoretical predictions of fluorescence generation for
torsionally responsive fluorogens such as thiazole orange indi-
cate that optimal radiative decay occurs when the heterocyclic
groups are restricted to an interplanar angle of 0−60°.51 There
is no corresponding model for the DIR. However, our data
indicate that the ϕf is robust when DIR is held in a nearly
planar conformation. The π-stacking interactions between
tyrosines in M8VL and M8VLS

L55P with the DIR may also
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stabilize the fluorescence signal from the DIR based on studies
of unsymmetrical cyanine dyes that π-stack during DNA
intercalation.6,57 The structural data suggest that conserved π-
stacking interactions with TyrL34 and TyrL49 are important for
fluorescence activation of both the M8VL and M8VLS

L55P
homodimers and will be the focus of future studies.
The ϕf of M8VLS

L55P is lower than that of M8VL. The S
L55P

mutation in M8VL may contribute additional effects to the
fluorescence of DIR that are unrelated to a global increase in
protein rigidity. For example, direct interactions between the
proline and the DIR in solution may only weakly constrain the
conformation of DIR, thereby reducing the ϕf. The reduced
quantum yield associated with other FAPs, Q9, for example,
may be due to restriction of the planar groups in the DIR at an
angle greater than what is optimal for fluorescence emission.
Finally, FAPs may show reduced quantum yields because of
quenching of the DIR in the excited state caused by electron
transfer involving nearby redox-active side chains. Further
structural studies of other DIR binding FAPs will help to clarify
the interactions required for ϕf.

■ CONCLUSIONS
Fluoromodules consisting of a specific fluorescence activating
protein and an environmentally sensitive fluorogen demon-
strate unique properties such as homodimerization induced by
the fluorogen DIR. Experimental data show that the DIR
fluoresces when it is rigidly held between two immunoglobulin
variable light domains that dimerize in the presence of the DIR.
The structural data suggest that conserved π-stacking inter-
actions with tyrosine residues are important for fluorescence
activation of both M8VL and M8VLS

L55P homodimers.
M8VLS

L55P holds the DIR in a potentially less flexible binding
pocket compared to that of M8VL. This change is caused by a
single serine to proline mutation that also alters ϕf and affinity.
Our results demonstrate the challenge of predicting enhanced
FAP fluorescence via mutagenic approaches in the absence of
directed evolution. Linker scanning, for example, may provide
information about tolerated structural changes to a particular
protein but fail to successfully constrain a fluorogen to produce
fluorescence. Furthermore, it is reasonable that even with high-
resolution crystal structures and subsequent rational design
we may not correctly predict the mutations that increase both
DIR affinity and ϕf, given that a single mutation in M8VLS

L55P
enhanced binding but not ϕf. However, combining detailed
structural information with computational or rational design
approaches may yield significant improvements in the fluo-
rescence quantum yield and affinity. For example, performing
targeted mutagenesis on the residues that surround the
fluorogen in the binding pocket prior to enrichment might
increase the probability of obtaining mutants with improved
fluorescence. Such an approach may also include computational
modeling of the altered protein in addition to random
mutagenesis to enhance the FAP complex.
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