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Fundamental to our understanding of biological systems is the
ability to define interaction surfaces and conformational
changes in dynamic protein complexes, yet this objective
remains a challenge. Protein footprinting is a powerful
solution to this problem. Methods such as hydrogen—deute-
rium exchange,! limited proteolysis,” and radiolytic cleav-
agel assess changes in protein surface exposure by measuring
the susceptibility of the polypeptide backbone to modifica-
tion. A complementary approach is to use side-chain modi-
fication. Because of their unique nucleophilicity, cysteine
(Cys) residues at select positions can report on solvent
accessibility and local chemical environment.[!! The reactivity
of a Cys residue can be measured to define interaction
surfaces at individual amino acid resolution. Moreover,
methods have been developed for rapid generation of a
library of Cys variants for a protein of interest.[*!

In principle, Cys footprinting is amenable to mapping
accessibility changes for diverse applications, including mon-
itoring folding, ligand binding, or protein interaction inter-
faces. For such applications, the accessibility of a residue must
be correlated with its rate of reaction. Unfortunately, the
intrinsic reaction rate of Cys residues can vary widely.*”!
Surface or deeply buried residues can undergo alkylation at
rates too high or low, respectively, to yield useful information.
As a consequence, a limited number of Cys substitutions can
serve as reporters. We reasoned that electrophilic footprinting
reagents with diverse reactivities could increase both the
utility and information content of Cys footprinting. Here, we
report the design and synthesis of isotope-coded affinity tag
(ICAT) reagents with a range of alkylation rates. We
demonstrate that these reagents can be used to map the
accessibility of protein residues in diverse environments. Most
notably, they can be used to footprint a protein—protein
interaction.

Our approach relies on the use of electrophilic ICAT
reagents (Figure 1).**) TCAT reagents are trifunctional mol-
ecules composed of an electrophilic moiety, an affinity tag,
and a stable isotope (e.g., ?C or °C) mass tag.[’! Pairs of heavy
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Figure 1. Cys alkylation rates are determined by labeling with a heavy
3C ICAT for time t, and then with a light '*C ICAT. After labeling,
samples are digested with trypsin, modified peptides are enriched on
affinity resin, and the resulting mixtures analyzed by mass spectrome-
try. Relative abundance of the heavy and light labels at various ty
define alkylation rate profiles.

and light ICAT reagents can be used to measure relative label
incorporation at a given position using mass spectrometry.
The affinity tag allows selective enrichment of ICAT-labeled
peptides from a complex mixture. Traditional footprinting
approaches are limited by protein size and sample complexity,
because they are incompatible with high background signals.
Because of its capacity for extensive sample refinement, we
envisioned that the ICAT approach would have tremendous
potential for investigating protein—protein interactions in
complex milieu.

Protein footprinting requires an ICAT reagent that is both
small and water-soluble. A carbohydrate-based affinity tag
that binds tightly to boronate affinity resin, confers excellent
water solubility, and serves as the isotope-coding portion of
the reagent has been described.*” This ICAT reagent
appeared to meet our needs because it had been used to
detect changes in Cys accessibility in folded proteins.
Unfortunately, we found that it had several drawbacks.
Specifically, it possesses a chloroaromatic substituent, which
complicates sample analysis by mass spectrometry. Addition-
ally, we found its production to be inefficient and low-
yielding. To address these issues, we used glucamine as our
key building block. From this readily accessible precursor, a
series of ICAT reagents (1-4) was assembled (Scheme 1).
Specifically, the *C compounds were generated in one step
from commercially-available glucamine by acylation. The
heavy reagents were synthesized from “C-labeled glucose.
Reductive amination with benzylamine afforded N-benzyl-
glucamine,”’ which was subjected to palladium-catalyzed
hydrogenolysis to yield *C-labeled glucamine.®! Acylation
of heavy glucamine afforded the “C-ICAT reagents 1-4 in
good overall yields.
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Scheme 1. Conditions: a) BnNH,, borane-pyridine, (CH;);CCO,H,
MeOH/H,0 (1:1), 40°C, 81%. b) Pd(OH),/C, (CH;);CCO,H, MeOH,
55°C, 96 %. c) 4-Maleimidobutyric acid, HBTU, HOBt, DIEA, DMF, RT,
4 h, 56%. d) (RCH,CO),0, DMF, 0°C, 12 h. Yields: 2, 81%; 3, 89%; 4,
86%. Dots denote '*C for light ICAT and "*C for heavy ICAT.

HBTU = O-(benzotriazol-1-yl)-tetramethyluronium hexafluorophos-
phate, HOBt = 1-hydroxybenzotriazole, DIEA = diisopropylethylamine.

ICAT reagents 1-4 are based on a common protein
modification strategy: the alkylation of Cys residues with
maleimide or o-haloacetamide derivatives. We anticipated
that a direct comparison of the intrinsic reaction rates of the
relevant electrophiles would provide fundamental guidelines
for protein footprinting and protein modification, in general.
Accordingly, we determined the intrinsic alkylation rates (ki)
of compounds 1-4 by footprinting representative Cys variants
of a denatured protein. These conditions were chosen to
provide rates representative of fully solvent-exposed Cys
residues.

Our choice of footprinting target, the adaptor protein
CheW, was driven by an interest in the role of protein—protein
interactions in Escherichia coli chemotactic signal trans-
duction.”! Several Cys variants (Q37C, T59C, and V64C) of
CheW were produced, and footprinting reactions were
performed under denaturing conditions. Alkylation was
initiated with heavy (*C) ICAT and quenched at various
timepoints with dithiothreitol; samples were then counter-
labeled with light (*2C) ICAT (see Supporting Information).
The k;, values determined for iodoacetamide 2 (ranging from
3.4-2.0M 's™!) are similar to a value determined independ-
ently (Figure 2).!! The rates of reaction of bromoacetamide 3
were approximately two-fold lower (1.7-1.0m's™"), while the
rates of reaction of chloroacetamide 4 were approximately
100-fold lower (0.017-0.011m's™"). We also devised a reagent
that reacts more rapidly; the maleimide-ICAT 1 provided k;,,
values ranging from 780 to 750M's™'. Thus, the k;, values of
our ICAT kinetic series cover approximately five orders of
magnitude, ranging from the extremely rapid 1 to the
relatively slow 4.

To survey the range of reactivity of Cys in a folded
protein, we footprinted CheW variants in which Cys residues
were engineered into diverse environments (Figure 3a). In
principle, such substitutions can perturb native protein
folding and function, but Cys replacement is generally
conservative.'”! Indeed, Cys substitution was well tolerated
at the five residues probed; the phosphotransfer activity of
chemotaxis signaling complexes reconstituted with these
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Figure 2. The intrinsic rates of alkylation for ICAT reagents 1-4. ICAT
reagent pairs were designed to afford a broad range of alkylation rates.
Intrinsic alkylation rates (k) were determined using representative
Cys variants of CheW under denaturing conditions (4 M guanidinium
chloride). Data were fit to a first-order exponential decay to derive rate
constants. Error bars represent the standard deviation of three
independent rate determinations.
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Figure 3. The rates of alkylation of Cys residues in different environ-
ments. a) Cys variants of CheW were generated at residues with
different degrees of solvent accessibility. b) The five Cys variants of
CheW were footprinted in the native, folded state (26°C, pH 8.0).
Footprinting timecourses were fit to a first-order exponential decay.
Due to incomplete alkylation, 168C data are connected by a dotted line
approximating the fit. Error bars represent the standard deviation of
three independent timecourse experiments.

CheW variants was preserved (data not shown). These
CheW Cys variants were pooled and footprinted with
bromoacetamide reagent 3, the ICAT reagent with inter-
mediate reactivity. Alkylation rates ranged from 1.0M 's™
for the highly solvent-exposed Q37C to less than 0.001m™'s™!

for the core residue I68C (Figure 3b). In the I68C CheW
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variant, the rate of alkylation was too low to fit to a kinetic
model; therefore, this alkylation rate represents an upper
limit. Overall, the selected CheW residues exhibit reactivities
ranging over four orders of magnitude. These reaction rate
differences are consistent with previous studies in which Cys
alkylation rates within native, folded proteins can span three
to six orders of magnitude.[***!

Using standard reagents, researchers have noted that
buried residues are problematic for footprinting.'?! The
extremely long reaction times required are impractical, and
they also risk protein instability and reagent cross-reactivity.
We envisioned that the rapidly-alkylating reagent 1 could
overcome the resistance of buried residues to alkylation. To
test this hypothesis, we focused on Ile68, which resides in the
core of CheW (Figure 4a)."% As expected, attempts to
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Figure 4. Footprinting CheW Cys residues with ICAT reagents that
span a broad range of reactivity. a) The structure of T. maritima CheW
bound to a truncation of CheA"™ was used to identify an E. coli CheW
residue buried by folding (11e68), engaged in a protein—protein
interaction (Thr46), or unaffected (GIn37). b) Timecourse for the
alkylation of buried CheW residue 168C (pH 8.0, 26 °C) with iodoacet-
amide-based ICAT 2 or the more reactive agent 1. ¢) CheA*-induced
differences in alkylation rates of CheW surface residue T46C probed
with 2 or 4 (pH 8.0, 26°C). Error bars represent the standard deviation
of three independent footprinting timecourses. Error bars smaller than
the timepoint symbol are not shown.

footprint this residue with either iodoacetamide 2 or bro-
moacetamide 3 were unsuccessful (Figure 3b, 4b). In con-
trast, alkylation with reagent 1 was complete within two
hours, and a measurable alkylation half-life (¢,,) of 11 min
was obtained. Thus, reagent 1 provides the means to monitor
changes in the accessibility of a deeply buried residue.
Previous attempts to use Cys alkylation to detect protein—
protein interactions have highlighted the difficulty of detect-
ing dynamic interactions using the standard alkylating agent
iodoacetamide." Surface residues that define interaction
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regions often alkylate rapidly. Additionally, protein binding
typically decreases Cys reactivity less than five-fold,*! and
these subtle changes are below the detection limits of current
methods."” Indeed, applications of Cys alkylation to define
protein—protein interactions are rare. In one instance, iodo-
acetamide alkylation was used to map a high affinity anti-
body-antigen interaction,* but this method failed with a
weaker protein—protein interaction (Kp~ 1 um)."* In another
instance, a weak protein—protein interaction was detected,
but only when an extremely high concentration (>1 mm) of
the protein binding partner was employed.”! We reasoned
that an effective approach would be to modulate the rate of
alkylation, so that subtle rate changes in the reaction of
surface residues could be amplified and detected. Our
fundamental studies of Cys alkylation rates suggested that
ICAT reagent, 4, with a relatively low k;, could yield valuable
results.

To test this strategy, we examined a protein—protein
complex involved in signal transduction: the interaction of
CheA with CheW. CheW mediates a functionally important
bridging interaction between the transmembrane chemo-
receptors and the kinase CheA.'* Ternary complex forma-
tion couples histidine kinase activity to the ligand occupancy
of chemoreceptors.' The structure of the Thermotoga
maritima CheW with a portion of CheA has been deter-
mined,"! thereby providing a context for interpreting foot-
printing results. The dissociation constant of this complex (K
~17 um)™ is in the range typical for those of dynamic
protein—protein interactions involved in signal transduction.
Cys residues were engineered at a CheW position predicted to
be buried by CheA binding (T46C) and one that should be
unaffected (Q37C)."® These CheW Cys variants were pooled
and footprinted in the presence and absence of a His¢-tagged,
Cys-free CheA variant (CheA*). Using the ICAT affinity tag,
the alkylated products of protease digestion were enriched
prior to analysis by mass spectrometry. Because of the high
background from the macromolecular binding partner, this
enrichment step was essential. As predicted, the ¢, at residue
Q37C showed no significant change in the presence of Che A*
when footprinted with either reagent 2 or 4 (Supporting
Information). In native CheW, Thr46 is surface-exposed; it
therefore undergoes rapid alkylation in the presence of
reagent 2 (t,,=40s, Figure 2¢). When CheA* was present,
the alkylation rate appeared to low, but the difference was not
obvious. In contrast, when reagent 4 is used for footprinting,
the addition of CheA results in an increase in the alkylation
t1, that exceeds two hours. Thus, the ICAT reagent 4 reveals
that CheW residue Thr46 is buried upon CheA binding. This
finding demonstrates the advantages of our approach for
footprinting protein—protein interactions.

The ICAT reagents described herein are valuable new
tools for protein footprinting. With this toolkit and informa-
tion about the relative reactivities of each reagent, highly
solvent-exposed residues as well as deeply buried residues can
serve as reporters. The utility of these reagents is highlighted
by our demonstration that protein footprinting can be applied
to complexes of modest affinity. This finding is significant
because it is the transient, dynamic protein complexes that are
of interest in biological processes. We anticipate that our
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results will expand the application of ICAT footprinting to
map and monitor diverse protein interaction surfaces.
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