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Fluorophore labeling of proteins while preserving native functions is essential for bulk Forster
resonance energy transfer (FRET) interaction and single molecule imaging analysis. Here we describe
. aversatile, efficient, specific, irreversible, gentle and low-cost method for labeling proteins with
. fluorophores that appears substantially more robust than a similar but chemically distinct procedure.
. The method employs the controlled enzymatic conversion of a central Cys to a reactive formylglycine
: (fGly) aldehyde within a six amino acid Formylglycine Generating Enzyme (FGE) recognition sequence
in vitro. The fluorophore is then irreversibly linked to the fGly residue using a Hydrazinyl-Iso-Pictet-
Spengler (HIPS) ligation reaction. We demonstrate the robust large-scale fluorophore labeling and
purification of E.coli (Ec) mismatch repair (MMR) components. Fluorophore labeling did not alter the
native functions of these MMR proteins in vitro or in singulo. Because the FGE recognition sequence
is easily portable, FGE-HIPS fluorophore-labeling may be easily extended to other proteins.

FRET and single molecule fluorescence tracking have become versatile tools in modern molecular biol-
ogy"% Use of these techniques has greatly improved our understanding of many biophysical processes
including replication®”, transcription® 4, translation’>'” and DNA repair'®-?2. These studies generally
employ fluorescent molecules as an imaging tool>->8-1L151619-21 ' A common fluorescence imaging tech-
. nique employs quantum dot (QD) labeling. However, the size of the QDs (10-50nm) can often exceed
. the size of the molecule that is being imaged. These issues may lead to unusual solution and diffu-
. sion characteristics of QD-labeled proteins. Moreover, detection of molecular interactions using FRET
* between appropriate QD excitation-emission pairs is inherently inefficient?. In contrast, numerous small
. chemical fluorophores display both high quantum yield and FRET efficiency.
: Conventional methods employed for flourophore-labeling of proteins often impact native func-
. tion(s). This is especially true in the case of more chemically sensitive protein targets. A number of
. protein-fluorophore labeling methods have been reported including: Cys-maleimide chemistry, incor-
. poration of non-natural reactive amino acids as well as peptide tags such as Halo(haloalkane dehaloge-
© nase), SNAP/CLIP(O%-alkylguanine-DNA alkyltransferase), Avi(biotin ligase recognition peptide), Sfp
. phosphopantetheinyl transferase(CoA), Sortase and others®. However, there are important limitations
: associated with these methods. For example, Cys-maleimide conjugation requires a single Cys residue
* located in a benign structural position of the protein target. Other methods suffer from low labeling
. efficiencies, require expensive reagents or result in abnormally large fluorophore-protein complexes®.
Recently, a site-specific conjugation method was described that relies on the incorporation of a six
amino acid FGE recognition sequence, Leu-Cys-Thr-Pro-Ser-Arg (LCTPSR). Conversion of the central
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Cys residue to an fGly produces a reactive aldehyde that may then be used for chemical coupling®-%.

Co-expression of FGE with LCTPSR-containing target proteins appeared to catalyze Cys — fGly conver-
sion in vivo permitting chemical coupling of a hydrazide-modified fluorophore!. Although substantial
fluorophore labeling was reported a number of technical issues arose that included: (1) the use of large
quantities of expensive hydrazide-modified dyes (75.6 mM; 60 mg Cy3/ml) to obtain extensive labeling,
(2) the conversion of Cys to fGly in vivo was not quantified, (3) the specificity of fluorophore labeling
to the fGly residue was not determined, and (4) the effects of the labeling process on overall protein
specific-activity was not fully determined.

Here we describe a vastly improved FGE-based fluorophore labeling method. The protocol relies
on efficient and controlled FGE conversion of Cys to fGly in vitro followed by specific and irreversible
fluorophore labeling using the Hydrazinyl-Iso-Pictet-Spengler (HIPS) ligation method. Labeling requires
~150-fold less fluorophore and may be performed under mild solution conditions. We demonstrate effi-
cient, site-selective, and large-scale preparation fluorophore-labeling of relatively labile EEMMR compo-
nents that retained high specific activity. The portability of the FGE recognition sequence should make
HIPS-fluorophore labeling widely applicable for single molecule imaging experiments as well as bulk and
kinetic FRET interaction studies.

Results

MMR is an excision-resynthesis reaction that repairs mismatched nucleotides that arise primarily as a
result of polymerase misincorporation errors®. The initial recognition of mismatched nucleotide is car-
ried out by MutS homologs (MSHs)?-*!. MSH proteins form a long-lived mismatch-provoked ATP-bound
sliding clamp that recruits MutL homologs (MLH/PMS)*; ultimately authorizing strand-specific excision
and repair. The majority of single molecule MMR studies have used a singlet-Cys Thermus aquaticus
TaMutS labeled with a maleimide-functionalized fluorophore'®*!. Single molecule imaging of EcMutS
and EcMutL (as well as other MSH and MLH/PMS proteins) is correspondingly difficult since they
contain multiple structurally essential Cys residues.

Based on the prototypical FGE-based fluorophore labeling method described by Shi et al.!, we mod-
ified the largely disordered C-terminus of EcMutS to contain tandem hexa-histidine (hiss) and FGE
(LCTPSR; aldg) tags (EcMutS-hisg/aldg; Table S1). The hiss was separated from the EcMutS C-terminus
by two Ser residues and the aldg was separated from the hiss by two Gly residues. The EcMutS-hisg/ald,
was shown to genetically suppress the elevated mutation rates associated with E.coli AmutS mutator phe-
notype ensuring that the tags did not interfere with wild type activities (Fig. S1). Two compatible plasmids
were constructed to simultaneously express EcMutS (pET29a backbone) and Mycobacterium tuberculo-
sis MtFGE (pBAD42 backbone)'. The EcMutS-hiss/ald was enriched using a Ni-NTA column, labeled
with Cy3-hydrazide fluorophore! and free-dye removed using Heparin column chromatography. MonoQ
chromatography resulted in >95% purified EcMutS-hiss/ald,. We observed ~1% fluorophore-labeled
protein in the presence of 4mM Cy3-hydrazide (Fig. S2A), which increased to 5% fluorophore-labeled
protein with 13mM Cy3-hydrazide (Fig. S2B). When we increased the Cy3-hydrazide dye concentration
to 66 mM, which was below the 75.6mM dye concentration recommended by Shi et al.!, we observed
~30% fluorophore-labeled protein. However, virtually all of the EcMutS was insoluble under these con-
ditions and became refractory to further purification (Fig. S3A). A similar precipitation propensity was
observed when EcMutL-hisg/ald, EcRec]-hisy/Ald, and HsMSH2-aldg-HsMSH6-hisg containing virtually
identical his¢/aldg tags labeled with Cy3- or Cy5-hydrazide (Fig. S3A; data not shown). We altered the
central Cys residue to Ala in the aldg-tag [EcMutS-his,/alds(C865A); Table S1] to examine the specificity
of Cy3-hydrazide (66 mM) fluorophore labeling. We found that only 30% of the fluorophore-labeled
EcMutS-hise/aldg protein could be considered specifically linked to the fGly residue (~9% of the total
protein; Fig. S3B). These results suggested that the high concentrations of hydrazide-dyes induced solu-
tion instability of EcMutS and that hydrazide-fluorophore labeling of the aldy-tagged MMR protein was
largely non-specific.

Previous observations have suggested that the labeling efficiency of hydrazide-functionalized fluoro-
phores might be compromised by the low equilibrium constants associated with hydrazone forma-
tion in solution®. Moreover, the instability of the hydrazone bond results in shortened half-lives for
hydrazone-labeled proteins®. In contrast, the Hydrazinly-Iso-Pictet-Spengler (HIPS) ligation reaction
has been shown to produce stable and irreversible covalent conjugates with reactive aldehydes at neutral
pH?3,

We conjugated a HIPS linker to cadaverine-modifed Alexa-Fluor (AF) fluorophores (AF488, AF555,
AF594 and AF647) as well as NHS-ester modified Atto488 similar to a previously described procedure
(Fig. 1; Supplementary Materials and Methods). Partially purified Maltose Binding Protein containing
an ald¢-tag (MBP-ald,) was used as a fluorophore-labeling target. Mass spectroscopic (MS) analysis sug-
gested that the ratio of fGly:Cys in the MBP-ald, preparation was 99:1, and that ~80% of these fGly resi-
dues could be linked to a HIPS-fluorophore?. However, MS may not detect FGE-converted Cys residues
that have been subsequently altered or degraded to non-reactive chemical forms. We found that fluoro-
phore conjugation to the MBP-ald, substrate induced a visible molecular weight shift in SDS-PAGE gels
that allowed easy quantification of unlabeled (U) and specifically labeled (S) protein (Fig. 2A). Using this
assay we determined that the absolute reactivity of the MBP-ald, substrate under identical solution con-
ditions to our previous studies®® was initially linear and saturated at 85% total labeling at 37°C (Fig. 24,
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Figure 1. HIPS-fluorophore chemical structure. (A) Structure of the Atto488-Hydrazino-Pictet-Spengler
(HIPS) fluorophore showing the Dye and HIPS linker. (B) The reaction scheme for the aldg-protein with the
Hydrazide or HiPS-dyes.

red). We noted higher molecular weight bands (M) at fluorophore concentrations above 0.2mM, sug-
gesting non-specific fluorophore labeling as the specific fGly-fluorophore linking approached saturation.

Because of the comparative instability of MMR proteins we wished to examine fluorophore labeling
at 0°C where these proteins may retain maximum activity over several days. At 0°C we found that
MBP-ald, labeling saturated at 55% total labeling (Fig. 2A, black). The lower level of labeling satura-
tion at 0°C compared to 37°C likely reflects different equilibrium dynamics. Saturation of fluorophore
labeling at 0°C occurred between 2-5mM HIPS-AF647 after 48h (Fig. 2A, black) and at 96h with
2mM HIPS-AF647 (Fig. 2B). These HIPS-based fluorophore-labeling observations provided well-defined
experimental windows to explore efficient labeling of MMR proteins.

The fGly conversion of the ald¢-tag in vivo may vary between different protein substrates"**¥7. We
found lower expression levels of MtFGE when co-expressed with EcMutS (Fig. S4A) as well as insolubil-
ity when MtFGE was expressed alone (Fig. S4B). These expression issues appeared to greatly attenuate
the conversion reaction in vivo. Moreover, there are multiple other cellular enzymes that may catalyze
the chemical modification of aldehydes in vivo*® resulting in an obligate reduction in reactivity. As
an alternative, we developed an FGE conversion step in vitro as an approach to control and retain {Gly
reactive aldehydes®”*!. To examine the conversion efficiency with MMR proteins, EcMutS-his¢/ald, was
partially purified using Ni-NTA and incubated with partially purified his,-FGE at a ratio of 1:1 (7uM
ea) for varying times at 4°C (Fig. 3A,B). We observed a near linear relationship between the MtFGE
incubation time and the relative labeling efficiency of EcMutS-hise/alds with HIPS-Atto488 (2mM) up
to 48h that was followed by reaction saturation. The use of a 1:1 ratio of MtFGE to target MMR protein
appears to suggest that the conversion reaction is not catalytic. However, we performed the fGly con-
version reaction at 4°C where turnover of the enzyme is known to be quite slow*>. When conversion is
performed at higher temperatures, the reaction becomes catalytic with ratios of target to FGE of 100-
1000:1*2. Interestingly, the labeling kinetics of EcMutS-hiss/aldg with HIPS-AF555 (0.4mM) was rapid
and non-linear for the first 3h to ~20% labeling followed by an apparently linear slower kinetics up to 72h
(Fig. S5A,B). However, subtraction of the 10% “nonspecific” labeling (see Fig. 4D) from each time-point
results in a labeling curve (Fig. S5C), that appeared similar to the MBP-ald, labeling curve (Fig. 2B). We
also noted fluorophore labeling of the MtFGE, which has been ascribed to auto-conversion®’.

We examined the pH dependence of fGly conversion (Fig. 3C,D). While fluorophore-labeling appeared
slightly greater at pH 9.1, we determined that the optimum pH for sufficient EcMutS-hiss/aldg conversion
that fully preserved the enzyme activity was pH 8.3. To examine the general applicability of our method
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Figure 2. HIPS-fluorophore labeling analysis. Maltose Binding Protein (MBP) containing an FGE
recognition sequence in which ~99% of the central cystein was converted to fGly (MBP-ald,) was used to
determine labeling efficiency®. (A) (top panels) fluorophore dye concentration, the fluorescence scan of the
PAGE gel and the coomassie stained PAGE gel of MBP-ald, following HIPS ligation at 37 °C (graphed in
middle panel). The coomassie stained PAGE gel shows the location of the unlabeled (U), single-labeled (S)
and multiply labeled (M) HIPS-fluorophore. We noted that above 0.2 mM HIPS-dye at 37°C the quantity

of protein that was labeled with more than one dye became significant reducing the quantification accuracy
of specific labeling to the FGE-converted fGly. (bottom panels) the fluorophore dye concentration, the
fluorescence scan of the PAGE gel and the coomassie stained PAGE gel of MBP-ald, following HIPS ligation
at 0°C (graphed in middle panel). (B) Kinetics of HIPS-dye labeling to MBP-ald,. Top panels show time

of incubation, the fluorescence scan of the PAGE gel and the coomassie stained PAGE gel of MBP-ald,
following HIPS ligation at 0°C. Labeling efficiency was calculated as described in the Materials and Methods
and accounts for loading variations between lanes. The Fluorescent scans and Coomassie stained gels have
been cropped to show only the relevant protein bands, which in these studies accounts for >80% of the
visible bands.

we introduced an alds-tag onto the C-terminus of EcMutL (EcMutL-hiss/ald) and an internal site of
EcMutL [EcMutL(346 ald,)-hise] that genetically complemented isogenic AmutL (Fig. S1). In addition,
we examined the labeling efficiency of the 5 — 3’ MMR exonuclease EcRec] (EcRec]-hiss/aldg). We
found FGE-dependent conversion and labeling that was clearly specific compared to contaminating pep-
tides in the partially purified MMR protein fractions (Fig. S6). Interestingly, we found that SDS-PAGE
could separate labeled from unlabeled EcMutL monomer (Fig. S6C). Using simple Gaussian fits we deter-
mined that that 35% of the [EcMutL(346 ald,)-his¢] appeared to be singly labeled with AF647.

The specificity of HIPS-fluorophore and Hydrazide-fluorophore labeling was quantitatively examined
using the EcMutS-his,/alds(C865A) substitution mutation (Fig. 4A; Fig. S7A). In the absence of FGE
conversion in vitro we observed dramatically reduced fluorophore labeling of EcMutS-hiss/alds, which
was further reduced at least 2-fold with the EcMutS-hise/ald,(C865A) substitution mutation (Fig. 4B; Fig.
S7A). This labeling trend was consistent for three different HIPS-modified AF fluorophores (Fig. 4B; Fig.
S7A). As a control we found that the labeling efficiency using hydrazide-modified AF555 was reduced
an additional 2-3 fold compared to labeling with HIPS-modified AF fluorophores (Fig. 4B, yellow).
Following FGE conversion in vitro the labeling efficiency of the HIPS-modified fluorophores increased
8-10 fold (Fig. 4B; Fig. S7A), while the labeling efficiency of the hydrazide-modified AF555 increased
no more than 2-fold. We also demonstrate that the AF-HiPS dyes are stable and insensitive to SDS and
boiling during sample preparation (compare Fig. S7A,B). These results are consistent with our previous
conclusion that FGE conversion in vitro significantly enhances HIPS-modified fluorophore labeling effi-
ciency. In addition, the hydrazide-modified fluorophores display substantially reduced labeling efficiency
compared to HIPS-modified fluorophores.
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Figure 3. FGE conversion in vitro enhances HIPS-fluorophore labeling. (A) Fluorescent scan and
coomassie stained gel of the FGE conversion in vitro kinetics using 2mM HIPS-Atto488. (B) The fluorescent
signal relative to the coomassie signal was quantified (Molecular Dynamics Image Quant), followed by
setting the maximum ratio in the analysis to 100% to normalized the relative labeling efficiency of EcMutS-
his¢/ald, (see Material and Methods). (C) Fluorescent scan and coomassie stained gel of the pH-dependence
of FGE conversion in vitro using 2mM HIPS-Atto488. (D) The fluorescent signal relative to the coomassie
signal was quantified (Molecular Dynamics Image Quant), followed by setting the maximum ratio in

the analysis to 100% to normalized the relative labeling efficiency of EcMutS-hisy/aldg (see Material and
Methods).

In the absence of FGE conversion in vitro, <50% of the fluorophore label was specific for the fGly
within the ald-tag (Fig. 4C; Fig. S7). Moreover, the specificity of the hydrazide-modified AF555 in the
absence of FGE conversion in vitro was near background. In the presence of FGE conversion in vitro the
labeling efficiency was >90% specific for the fGly within the alds-tag (Fig. 4D). In contrast, even with
extreme excess of fluorophore the hydrazide-modified AF555 exhibited >5-fold less relative labeling in
which at least 30% was not specific for the fGly within the ald,-tag (Fig. 4D; Fig. S7). Taken as a whole,
these results suggest that combining FGE conversion of the alds-tag in vitro followed by labeling with
HIPS-modified fluorophores dramatically enhanced labeling efficiency and specificity.

We examined the stability of the HIPS-fluorophore conjugate to EcMutS-hiss/ald, (Fig. S8A,B).
Following incubation at 25°C for 24h we detected less than 0.7% loss of fluorophore (Fig. S8A,B). While
the stability of a hydrazone-fluorophore conjugate could not be directly examined due to low labeling
efficiency and solution instability, the stability of a related hydroxylamine-aldehyde conjugation that
forms an aminooxy-aldehyde was determined (Fig. S8C). We found that 31% of the aminooxy-aldehyde
fluorophore linkage was lost after 24 h at 37 °C (Fig. S8C). Moreover, 63% of the aminooxy-aldehyde con-
jugated fluorophore was lost after 6 d, while the HIPS-aldehyde lost only 16% after 6d at 37 °C (Fig. S8C).
It is important to note that the aminooxy-aldehyde conjugation has been reported to be to be far more
stable than the hydrazide/hydrazone-aldehyde bond*, suggesting that HIPS-conjugated fluorophores are
significantly more stable than hydrazide-conjugated fluorophores.

The lack of efficient and specific fluorophore labeling protocols has limited the rigorous examination
of bulk and single molecule kinetic interactions between MMR proteins. Since EcMutS and EcMutL
largely exist as stable dimers**, we calculated that 30% monomer labeling would result in 9% con-
taining two fluorophores. Based on the MBP-ald, data (Fig. 2A,B), we performed FGE-HIPS fluoro-
phore labeling using 0.5 mM HIPS-AF647 (4.8 mg) with 40 uM (30 mg) of EcMutS-hise/alds and 0.5 mM
HIPS-AF555 (0.6 mg) with 15puM (1.5 mg) EcMutS-hise/ald(D835R,R840E). The EcMutS(D835R,R840E)
substitution mutations eliminate interaction between EcMutS dimers in vitro but do not appear to affect
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Figure 4. HIPS-fluorophore ligation to fGly within an FGE site is highly specific. (A) C-terminal
sequences of EcMutS-hiss/ald; and EcMutS-hise/alds(C865A) as well as an illustration of HIPS-FGE labeling.
(B) The normalized relative labeling efficiency (%) was calculated from Fig. S7 for EcMutS-hiss/ald,(C865A)
in the absence of MtFGE conversion in vitro, EcMutS-his/alds(C865A) following MtFGE conversion

in vitro for 48 hrs, EcMutS-hiss/ald, in the absence of MtFGE conversion in vitro, and EcMutS-hisg/ald
following MtFGE conversion in vitro for 48hrs each in the using the Atto488-HIPS (blue), AF647-HIPS
(red), AF555-hydrazide (yellow), and AF555-HIPS fluorophore dyes (green). (C) The specificity of EcMutS-
his¢/ald, fluorophore-labeling in the absence of MtFGE conversion in vitro. Relative labeling efficiency (%)
of EcMutS-his,/alds(C865A) (black) is considered non-specific and the relative labeling efficiency (%) of
EcMutS-hisg/aldg minus the relative labeling efficiency (%) of EcMutS-hise/ald,(C865A) is considered specific
for the FGE site (red). (D) The specificity of EcMutS-hiss/ald, fluorophore-labeling in the presence of
MtFGE conversion in vitro for 48 hrs. Specific and non-specific labeling were calculated as in panel (C).

MMR-dependent mutation suppression in vivo. The unreacted fluorophore and FGE were removed
by Heparin chromatography resulting in a >95% purified protein (Fig. 5A-D). The final labeling effi-
ciency was determined to be 23% with the EcMutS-hiss/ald (16 M) and 34% with the EcMutS-hisy/
aldg(D835R,R840E) (11 M; Fig. 5A-D; Fig. S9A,B; Table S2). Since there does not appear to be an abso-
lute correlation with the ratio of fluorophore to protein concentration for these two EcMutS constructs,
we ascribe the modest differences in labeling efficiency to aldg-tag accessibility during conversion and/
or labeling.

We labeled and purified EcMutL-his¢/ald, following the same protocol we developed for EcMutS-his,/
aldg¢ with minor modifications (Fig. 5E-F; Materials and Methods). We obtained 35% AF647
fluorophore-labeled monomer EcMutL-hiss/aldg (18 #M), which translates to a calculated 46% of sin-
gly labeled dimers with an additional 12% of the dimers containing two-fluorophores (Fig. SOC; Table
S2). We determined that 41% of the EcMutL appeared to be singly labeled with AF647 by SDS-PAGE
analysis (Fig. 5F), which appears similar to the spectrophotometry measure (Fig. SOC). While there may
be modest differences in labeling efficiency between MMR proteins, preparations and alds-tag location
within a peptide, these results suggest that the labeling curves generated with the MBP-ald can be gen-
eralized to most alds-tagged proteins. Taken together our studies suggest that the method of FGE-HIPS
fluorophore conjugation is predictable, efficient, specific, stable and generally low cost compared to other
fluorophore-labeling schemes.

Previous studies suggested that one might separate unlabeled from fluorophore-labeled protein using
hydrophobic interaction chromatography'. We examined several hydrophobic chromatography matrices
including Butyl-S Sepharose, Butyl Sepharose, Phenyl Sepharose or TSKgel Phenyl-5PW. However, none
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Figure 5. HIPS fluorophore labeling and purification of EcMutS-hiss/alds and EcMutL-his¢/ald.

(A,B) HIPS-AF647 fluorophore-labeling and purification of EcMutS-his/ald,. Final heparin chromatography
(A) and Fluorescence scan (top) and coomassie stain (bottom) of eluted fractions separated using SDS-PAGE
gel (B). (C,D) HIPS-AF555 fluorophore-labeling and purification of EcMutS-hise/ald¢(D835R,R840E). Final
heparin chromatography (C) and Fluorescence scan (top) and coomassie stain (bottom) of eluted fractions
separated using SDS-PAGE gel (D). (E,F) HIPS-AF647 fluorophore-labeling and purification of EcMutL-his,/
ald,. Fluorescence scan (top) and coomassie stain (bottom) of eluted fractions separated using SDS-PAGE
gel (E) and fluorescence scan (left) and coomassie stain (right) with Gaussian fitting of labeled (red) and
unlabeled (green) EcMutL-hisg/ald, (F). The Coomassie stained gels have been cropped to show only the
relevant protein bands, which in these studies accounts for >90% of the visible bands.

of those approaches separated the highly specific fluorophore-labeled EcMutS from unlabeled protein
(Fig. S10). We consider the possibility that hydrophobic chromatography utility may be linked to the
solution exposure and/or hydrophobicity of the fluorophore’. Nevertheless, a labeling efficiency for pro-
teins that approaches 50% is sufficient for most bulk FRET and single molecule studies.

We determined that the mismatch binding activity of EcMutS-hiss/ald, during FGE-HIPS labeling
and purification was similar and mismatch specific using electrophoretic mobility shift analysis (EMSA;
Fig. S11). Real-time bulk kinetic analysis using Surface Plasmon Resonance (SPR; Biacore) revealed
minor variations in k,,, ks and K}, between fluorophore-labeled and unlabeled EcMutS-his¢/ald, or
EcMutS-hise/ald¢(D835R,R840E) that were within the standard error of the system (Table 1; Fig. S12). We
also examined the ability of EcMutS-his/alds to form an ATP-bound sliding clamp by determining the
kyg.arp kinetics (Table 1). In all cases the rate appeared similar with the exception of the AF647-labeled
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Protein (10° x M’EIil X sec™!) (10‘4’;<"fsec“) Kp (nM) (’;.:’.I?‘T‘P)

AF555 labeled EcMutS- his¢/aldg(D835R, R840E) 4.37+£0.90 24.48+1.44 575+£1.51 | 0.454+0.09
Unlabeled EcMutS- hiss/alds (D835R, R840E) 9.48 +3.90 33.02+1.87 3.85+1.78 | 0.48+0.09
AF647 labeled EcMutS- his¢/ald, 3444052 8.93+0.34 2.63+£0.49 | 0.26+0.08
Unlabeled EcMutS- hisg/aldg 529+1.82 6.10£0.53 1.254+0.53 | 0.53+£0.11

Table 1. DNA Binding, Dissociation and ATP Processing Constants for E.coli MutS.

EcMutS-hisg/aldg, which appeared to form a sliding clamp approximately 2-fold better than the unlabeled
EcMutS-hisg/ald,. All the kinetic rate constants of EcMutS-hiss/aldg binding and dissociation reported
here are similar to the values obtained for EcMutS (without aldg-tag) in previous studies®**.

To demonstrate utility for in singulo studies, prism-based total internal reflection fluorescence (TIRF)
microscopy was used to image single molecules of AF647-labeled EcMutS-hiss/ald; and AF555-labled
EcMutS-hise/aldg(D835R,R840E) on a 17Kb A DNA containing a single mismatch (Fig. S13A,B). We
observed many stable ATP-bound EcMutS sliding clamps that freely diffused along the entire length
of the DNA (Fig. S13A,B)"**. The 1-dimensional (1D) random walk particle diffusion characteris-
tic was clearly visible and a diffusion coefficient for AF555-labled EcMutS-hisg/aldg(D835R,R840E)
(D=0.044pm?/sec+ 0.014pm?/sec, N=77) was easily calculated (Fig. S13A,B; Suppl. Movie-1 and
Movie-2, respectively). While these are the first images of ATP-bound EcMutS sliding clamp diffusion on
mismatched DNA, the observations appear similar to previous single molecule analysis of TaMutS and
Sacchromyces cerevisae ScMsh2-ScMsh6!2%48, These studies demonstrate that HIPS fluorophore-labeled
EcMutS is fully functional for multiple known MSH protein activities. Taken as a whole, our studies
demonstrate the general applicability of the HIPS fluorophore-labeling method in bulk and single mol-
ecule fluorescence-based analysis.

Discussion
Although some proteins tagged with an FGE recognition sequence contain converted fGly following
co-expression of the FGE protein in vivo, this appears not to be the case for all proteins and definitely not
with the E.coli MMR proteins. While the factors that allow significant conversion in vivo are not entirely
clear, it appears that the ratio and distribution of soluble FGE and ald¢-tagged protein are substantial
contributors to conversion efficiency. Our results indicate that high expression of FGE may reduce the
expression of an aldg-tagged protein in E.coli, while low expression of FGE can lead to incomplete fGly
conversion and reduced labeling efficiency. Moreover, many cellular enzymes exist that may catalyze the
modification of aldehydes in vivo rendering them unreactive®®*°. We have found that the conversion
of an alds-tag to fGly in vitro is easily managed and may be used with partially purified proteins under
conditions where unwanted post-conversion aldehyde products may be significantly reduced.

The development of a His-tagged FGE that is easily overexpressed in E.coli and may be enriched in
a single Ni-NTA chromatography step to >90% purity makes conversion in vitro extremely attractive.
In addition we have constructed a His,-tagged FGE containing a human Rinovirus (HRV) 3C protease
site capable of removing the hiss-tag at 0°C. This latter construct allows conversion in vitro and HIPS
fluorophore labeling in the presence of HRV 3C protease that may then be followed by Ni-NTA chro-
matography, which will remove both unincorporated HIPS-fluorophore and the FGE catalytic protein.

The dramatically reduced concentrations of HIPS modified fluorophores required for protein
labeling makes this method significantly more cost effective than previous approaches®. In fact, the
FGE-conversion in vitro and HIPS-fluorophore labeling (FGE-HIPS) system appears comparable in effi-
ciency to maleimide-based Cys residue chemical labeling that we have previously used with TaMutS*.
With the advent of commercially available HIPS-fluorophores, this technology should be widely useful
to the scientific community. A major limitation to increasing labeling efficiency is the requirement that
the MMR proteins must be maintained at 0°C in order to preserve specific activity. However, for proteins
that maintain activity at elevated temperatures labeling efficiency may be dramatically increased such
that at 20-37°C saturated labeling may occur in a matter of hours (Fig. 2A). In general, we find that
labeling efficiency may be increased with higher concentration of fluorophore, longer labeling times, and
elevated temperature. We also note that only site-specific labeling increases with longer labeling times
(Fig. S5). However, in spite of 99:1 fGly:Cys conversion ratio the site-specific HIPS labeling reaction
saturates at ~80%. It should be noted that this saturation efficiency is comparable to virtually all the
current fluorophore labeling technologies and likely reflects labeling equilibrium dynamics. In conclu-
sion, we have described an FGE-based fluorophore-labeling method that uses an fGly conversion step in
vitro followed by Hydrazinyl-Iso-Pictet-Spengler ligation under mild solution conditions. The method
displays high specificity with little, if any, effect on protein activity. The specificity of the FGE recognition
sequence and relatively low cost of this method makes it generally useful for bulk and single molecule
imaging studies that rely on fluorophore-labeling of component proteins.
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Methods

MMR genes were amplified by PCR with primers containing ald, (LCTPSR) tags and inserted into
expression plasmids. Proteins were then purified from E. coli. stains with the plasmids. Detail informa-
tion are described in the Supplementary material.

MMR proteins containing an alds-tag were converted with MtFGE in vitro and then changed into
labeling buffer. HiPS dyes were then added to label the proteins. Detail information are described in the
Supplementary material.

SPR experiments were performed as previously described® and the detail information are described
in the Supplementary material.

A single molecule Fluorophore Tracking (smFT) apparatus constructed with prism-type Total
Internal Reflection Fluorescence (TIRF) microscopy as described*. A 17kb DNA with a single mismatch
located 6 Kb from one end was constructed similar to our previous publication*®. Detail information are
described in the Supplementary material.
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