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ABSTRACT:. Human telomeric repeat binding factor 2 (hTRF2) is a protein that plays an important role in
capping human telomeres to protect them from DNA damage repair systems. The ineffectiveness of hTRF2
may be linked to aging and cancer. We report the use of PLIMSTEX (proligiand interactions by

mass spectrometry, titration, and H/D exchange) and selective acetylation of lysine residues to study the
interaction of the DNA-binding domain and double-stranded telomeric DNA (repeats of TTAGGG). By
increasing the resolution of PLIMSTEX to the peptide level, we localized the changes in deuterium uptake
of hTRF2 as a function of varying amounts of a model oligodeoxynucleotide. From these experiments,
we determined the affinity constant for binding to DNA, which is within a factor of 3 of the previously
reported value. Amide H/D exchange revealed portions of the protein that have contacts with the phosphate
backbone of DNA, whereas acetylation disclosed the decrease in solvent accessibility of regions containing
Lys 447 and 488, which must be involved in interactions with the DNA major and minor grooves. These
complementary approaches of amide H/D exchange and selective side chain modification can be employed
effectively to pinpoint and quantify proteirfligand, in particular proteirDNA, interactions.

Portions of human telomeres are protelDNA complexes of this protein may be linked to premature aging and some
that protect and replicate eukaryotic linear chromosomes. Theforms of cancer§).
telomeres contain multi-kilobase tandem arrays of TTAGGG  gqr proteins like hTRF2, the study of domains is often
repeats that bind hu_man telomeric repeat binding factors 1ine productive approach. X-ray and NMR structures of full-
and 2. The cell utilizes the protefiDNA complex 10 |ength hTRF2 are not known, in this case, because of a
distinguish a natural chromosome end from one that is brokencnaracteristic unstructured linker between the DNA-binding
from DNA damage 1—3). The primary function of h\TRFL  jomain and the TRF homology sequence. The protein has
is to regulate telomere access by telomerase, a DNAfq distinct regions: the basic N-terminal domain, the TRF
polymerase that is responsible for the elongation of telomeresh0m0|ogy sequence (residues-4B5), the unstructured
(4, 5). Although hTRF2 is also responsible for regulating |inker (residues 246445), and the DNA-binding domain
telomere lengths), it also has been implicated in forming (resiques 446500) @). In fact, the structure of the TRF
a t-loop, considered to be a type of telomeric higher-order pomojogy sequence, also characterized as a dimerization
structure 6, 7). Furthermore, the altered function domain, was determined by X-ray diffractio){ and the
structure of the DNA-binding domain containing a portion
T These studies were supported by the National Institutes of Health of the unstructured linker was determined by NMR and X-ray

and National Center for Research Resources (Grant P41RR00954 t i _
M.L.G.), by the Project of Protein 3000; Transcription and Translation °crysta||ography 10-14). Three helices make up the DNA

(to Y.N.), and by Grants-in-Aid for Scientific Research (MEXT) (to  Pinding domain_' The _major_ groove _Of telo_meric DNA is
S.A. and Y.N.). bound by the third helix, which contains a highly positively
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I'Yokohama City University. Mass spectrometric techniques that reveal changes in the

1 Abbreviations: H/D, hydrogerdeuterium; hTRF1, human telo-  solvent accessibility of proteins that bind to DNA and

meric repeat binding factor 1; hTRF2, human telomeric repeat binding determine affinities would be particularly valuable because
factor 2; ODN, oligodeoxynucleotide; PLIMSTEX, proteitigand

interactions by mass spectrometry, titration, aneélHexchange; ESI- of t,he speed an,d SenS.ItIVIty of MS. Such an approach to
MS, electrospray ionization mass spectrometry; NMR, nuclear magnetic tertiary structure is not hindered by unstructured regions, thus
resonance; SPR, surface plasmon resonance; IPTG, isopropyl 1-thio-making the approach more amenable to proteins that are

[-p-galactopyranoside; HEPE\-(2-hydoxyethyl)piperaziné¥'-2- S ; ; ;
ethanesulfonic acid; EDTA, ethylenediaminetetraacetic acid; KCI, difficult to crystallize. One evolving approach combines

potassium chloride; NaCl, sodium chloride; HCI, hydrochloric acid; amide hydrogen e_XChange_and mass spectrometry20).
Q-TOF, quadrupole time-of-flight. PLIMSTEX (protein-ligand interactions by mass spectrom-
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etry, titration, and H/D exchange) is a refinement of that was overexpressed iBEscherichia coli[BL21(DE3) from
approach, affording binding affinities of proteins and their Novagen]. The cells were grown at 3C, and the protein
ligands in solution (not in the gas phase), their binding expression was induced by the addition of 1 mM isopropy!l
stoichiometry, and a measure of the conformational changesl-thio{3-p-galactopyranoside (IPTG) when the gBreached
that occur in the protein upon ligand binding. Amide H/D 0.5-0.6. After additional cell growth at 37C for 2.5 h, the
exchange rates can be monitored by determining the mas<ells were harvested and resuspended in buffer A [50 mM
change AD) upon equilibrium titration of the protein with  potassium phosphate buffer (pH 7.0), 1 mM EDTA, and 100
ligand. Usually,AD decreases because ligand binding is mM NaCl]. The cells were lysed by sonication on ice and
accompanied by protection from solvent and/or an increasethen centrifuged at 390@0for 90 min. The protein was
in the extent of hydrogen bondin@1—23). purified with AKTA FPLC at 4°C. The supernatant was
Once a global view of protein protection is obtained by applied to a column of HiLoad 26/10 SP Sepharose (GE
H/D exchange, the spatial resolution of the deuterium uptake Healthcare, Piscataway, NJ), equilibrated with buffer A for
can be increased by proteolyzing the labeled protein with 4 h, and the protein was eluted with a linear gradient from
pepsin after the exchange is quenched and analyzing thebuffer A to buffer A [S0 mM potassium phosphate (pH 7.0),
peptides by MSZ4, 25). Mass analysis of the peptic peptides 1 mM EDTA, and 400 mM NacCl] in 6.5 h at a flow rate of
should provide high-resolution deuterium uptake information. 1 mL/min. The sample solution was then loaded on a column
If the H/D exchange rates of amide sites in the protein do of HiLoad 26/60 Superdex 75 pg (GE Healthcare) equili-
not change upon ligand binding, they will show little change brated with buffer A [50 mM potassium phosphate (pH 7.0),
in AD, whereas for those sites where hydrogen bonding doesl mM EDTA, ard 1 M NaCl], and samplé&actions of DNA-
change, the H/D exchange rate will show a decreageDn binding domain of hTRF2 were collected. The collected
Peptides that reveal changes in deuterium uptake are likelysolution was concentrated with a Vivaspin 20 mL concentra-
to be located in the binding region, at protein interfaces, or tor (molecular weight cutoff of 3000, Sartorius Stedim
part of other conformational changes associated with ligand Biotech, Aubagne, France) to 22.5 mg/mL. The concentrated
binding 26—29). sample was divided into 1.5 mL tubes, lyophilized, and stored

In the hTRF2-DNA case, the positively charged residues N & freezer before use. _
of lysine and arginine are expected to interact with the major  Formation of Duplex DNAEquimolar amounts of the
and minor grooves of the DNA and the negatively charged complementary single-stranded oligodeoxynucleotides (ODN)
phosphate backbone. These types of interactions would beVere mixed in a 10 mM HEPES buffer containing 150 mM
difficult to follow by H/D exchange because the lysine KCI. The solution temperature was increased t’@%and
e-amino group hydrogens exchange too rapidly and the amidethen decreased by®& every 30 min until it reached 2%.
hydrogens may not be more protected upon ligand binding. Puplex formation was monitored by UV spectrophotometry
Selective modification of certain amino acid residues, in &t 260 nm, affording a transition temperatufig) of 49 +
particular thee-amino group of lysine, should be more ) )
suitable for probing this type of interactiorBG—34); H/D Exchange ProtocolPrptem stock solutions were
acetylation seems to be an appropriate method. The mosiPrepared so that they contained 10 mM HEPES (pH 7.4)
common reagent for acetylation is acetic anhydride; however,and 150 mM KCI. Titration experiments started with the
there have been numerous examples of other reagent$duilibration of hTRF2 with varying concentrations of the
developed to target the reactive primary amine on lysp@e ( Model ODN for 1 h. To initiate exchange, Q.4 of the
32, 35-38). A diminished level of acetylation of lysine side ~Protein stock was diluted with 20L of D,O containing 10
chains of hTRF2 upon binding should provide complemen- MM HEPES and 150 mM KCl at 25C. At various times,
tary information regarding the interaction with DNA. the exchange is quenched with 1.0 M ice-cold HCl to give

We describe here the application of an improved PLIM- & final pH of 2.0. _
STEX methodology, incorporating the localized deuterium  FOr global deuterium uptake data, the quenched solution
uptake of individual peptic peptides in the protein sequence, as loaded on agguard column (1 mmx 15 mm, Optimize
and side chain modification (acetylation) to access the DNA Technologies, Oregon, City, OR), pre-equilibrated with 100
binding properties of hTRF2. We are motivated by our 4L Of 0.2% formic acid in water (C), and washed with
interest in not only the protein but also protelBNA 300uL of 0.2% formic acid in water (0C), back-exchanging

interactions, a topic of importance in biophysi&9,(40). the labile sit_es of the pro_tein (i.e:, those fast exc_hanging sites,
most of which are on side chains). The protein was eluted

EXPERIMENTAL PROCEDURES with an isocratic flow of 40% solvent B at 40./min (Waters
CapLC; solvent A, 95% water and 5% acetonitrile containing
Materials. Deuterium oxide, potassium chloride, formic  0.3% formic acid; solvent B, 5% water and 95% acetonitrile
acid, acetic anhydride, HEPER-[2-hydoxyethyl)piperazine-  containing 0.3% formic acid). This is slightly modified from
N'-2-ethanesulfonic acid], and HEPES sodium salt were the previously reported protoca?Z, 41).
purchased from Sigma-Aldrich (St. Louis, MO). The model  For local deuterium uptake data, & of immobilized
of telomeric DNA (3-GTTAGGGTTAGGG-3) and its  pepsin on agarose was added to the quenched solution. The
complement were purchased from Integrated DNA Tech- digestion took place for 3 min at® with a quick vortexing
nologies (Coralville, IA), analyzed by mass spectrometry for pulse every 15 s. After digestion, the beads were briefly
purity, and used without further purification. Immobilized centrifuged (2-3 s) so that they congregated at the bottom
pepsin on agarose was purchased from Pierce (Rockford, IL).of the sample tube, and the digested protein solution was
Protein Expression and Purificatiol.he DNA-binding loaded on a & column (1 mmx 15 mm, PepMap cartridge,
domain of human telomeric repeat binding factor 2 (hnTRF2) LC Packings, Sunnyvale, CA) that was pre-equilibrated with
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100 uL of 0.2% formic acid in water (0C). The column instrument utilized wide-band activation and dynamic exclu-
was washed with 30@QL of 0.2% formic acid in water (O  sion.
°C), back-exchanging the labile sites of the peptides and pata Analysis.The protein mass spectrum at each H/D
undigested protein. The peptides were separated with a LCexchange time point was deconvoluted using the MaxEnt1
gradient (10 to 35% B over 8 min, 35 to 100% B over 3 g|gorithm (MassLynx version 4.0). The deuterium level at
min, back to 10% B for equilibration). To minimize back- each time point was determined by subtracting the average
exchange, the incoming/outgoing LC solvent line, injection mass of the undeuterated protein from the average mass of
valve, and sample loop were submerged in ic€é Q). the deuterated protein. The rate of back-exchange was
High concentrations of the model ODN interfered with measured to be one deuterium lost per minute. The protein
protein detection by MS, giving extensive protein signal deuterium uptake was not corrected for back-exchange
suppression. Therefore, it was necessary to add an aniorbecause the time from quench to observation in the mass
exchange guard column (Optimize Technologies, 1 sam  spectrometer is less than 2 min. lon signals for the deuterated
15 mm) to reduce the ODN concentration effect. The column peptides were smoothed twice in MassLynx with a Savitsky
trapped the ODN while passing the protein, leading to Golay algorithm and imported into Microsoft Excel asxan
significantly increased protein signals. In this case, the y pair (mass, intensity). The centroid and width of the
column washing procedure was the same as that describedleuterium distribution for each peptide were analyzed using
above; however, after elution of protein into the mass HX-Express 42). The back-exchange occurs at the same rate
spectrometer, the column was washed with 300 of as in the global experiment; however, no corrections were
aqueous sodium hydroxide (pH 9) to elute the ODN to waste. made for this deuterium loss because only relative (not

Acetylation Protocol Acetylation with acetic anhydride ~ @Psolute) deuterium levels need to be compared in all
took place with the same solutions of protein that were used 8XPeriments. The methods for fitting the deuterium uptake
for the H/D exchange experiment, with and without ligand Kinétic data and the PLIMSTEX curve were described
present, as described above. The addition of@.6f acetic ~ Previously @3). All of the experiments were conducted in
anhydride to the protein in aqueous buffer [10 mM HEPES triplicate.
and 150 mM KCI (pH 7.4)] gave an-28000-fold molar
excess of reagent per site of acetylation. The solution WasRESULTS
aI_Iowed to react for var_ious time_s and que_nc_hed at _p_H 2.0 Global H/D Exchange Deuterium Uptake KinetioA.
with 1 M HCI. The solution was digested with immobilized |qgica starting point for this investigation is the forward H/D
pepsin on agarose, injected onto @ Glumn, desalted, and exchange reaction kinetics, which we carried out over a 60
eluted into the mass spectrometer, as described above.  min time course. A plot of the deuterium uptake versus time

LC—ESI/MS Analysis with a Q-TOF Mass Spectrometer. of H/D exchange for the apo and holo forms of hTRF2 shows
All ESI mass spectra were acquired in positive-ion mode the protection change due to hydrogen bonding and/or solvent
on a Waters (Micromass) (Manchester, U.K.) Q-TOF Ultima accessibility (Figure 1A). The maximum amount of deute-
spectrometer equipped with a Z-spray ESI source. Therium incorporation at backbone amides occurred when the
capillary voltage was 3.2 kV, with a cone voltage readback apoprotein exchangedrfé h at 37°C. The maximum mass
of 100 V, and the source and desolvation temperatures wereshift of 60 Da is in agreement with the number of amide
80 and 18C°C, respectively. The cone and desolvation gas hydrogens available for exchange (62), corrected for the
flows were 40 and 400 L/h, respectively. The MS profile percent DO used in the experiments (97%). We fit the data
used for quadrupole transmission was as follows: froin by using a three-group, pseudo-first-order kinetics model to
500, dwell for 5% of the scan time, ramp 'z 1000 for give the distribution of fast-, intermediate-, and slow-
45% of the scan time, and then dwellratz 1000 for 50% exchanging amide hydrogend3j. The apo state has ap-
of the scan time. proximately 32 fast-exchanging hydrogens with a rate

LC—ESI-MS/MS Analysis of Protein Diges®eptides constant of 55 mint, 25 intermediate-exchanging hydrogens
produced by pepsin cleavage were identified by accurateWith a rate constant of 0.8 mify and two slow-exchanging
mass and product-ion Sequencing on a LTQ_FTMS instru- hydrogens with a rate CO.nStant of 0.1 rTﬁnThe-hOIO State
ment (Thermo, San Jose, CA) and then searched against #as fewer fast-exchanging hydrogens2@) with a rate
database using Mascot (Matrix Science, Oxford, U.K.). After constant of 14 min', 10 intermediate-exchanging hydrogens
pepsin digestion for 3 min, following the protocol described With a rate constant of 0.3 mif, and many more slow-
above, the solution was loaded onto @ Gustom-packed ~ €xchanging hydrogens-@0) with a rate constant of 0.03
column (75um inside diameter, 10 cm length). The peptides Min™.
were separated over 70 min using an Eksigent (Dublin, CA)  After exchange for 2 min, the apoprotein exhibited a mass
NanoLC-1D column with an LC gradient from 3 to 97% shift of >50 Da, suggesting the DNA-binding domain of
acetonitrile containing 0.1% formic acid at 260 nL/min. The hTRF2 has many fast-exchanging amide sites without any
solution was sprayed directly from the column into the mass ligand present. The apoprotein approached the maxikDm
spectrometer using a PicoView PV-500 nanospray sourceafter H/D exchange for 10 min. Incorporation of the ODN
(New Objective, Woburn, MA) attached to the LTQ-FTMS at a 10:1 ratio with respect to the concentration of the protein
instrument. A full mass spectrum was recorded in the FT (1 uM) produces the holo form of the complex. The 10:1
part of the instrument, operating at a mass resolving power complex has a reduced level of deuterium uptake at all times,
of 100 000 at'z 400, and data-dependent product-ion scans although the maximum level of uptake is similar at 60 min.
of precursors identified by the FTMS were collected by the This difference in deuterium uptake indicates that the
ion trap. The MS/MS experiments carried out in the LTQ individual amide H/D exchange rates decrease upon com-
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with the experimental value of 77% holo formation when
the ratio of DNA to hTRF2 is 16:1.

H/D Exchange Deuterium Uptake Kinetics for Regions of
the Protein. An important goal in the development of
PLIMSTEX is to explore the deuterium exchange of
. component peptides throughout a protein of interest. Our

S previous studies of calmodulin, intestinal fatty acid binding
Jf\ protein, and insulin focused on the global H/D exchange view

?\»\% of protein function and dynamic2%, 41, 44). Expanding

\l}\ the resolution to the peptide level will provide site-specific

information regarding how the protein changes conformation
. ‘ upon interacting with a ligand of interest.
0 3 6 9
[DNA] : [nTRF2]

Digestion of the deuterated protein with pepsin affords

22 unique peptides. Most peptides are variants of a set of
FiGURe 1: (A) Global deuterium uptake kinetics over a 60 min four that differ by the addition or subtraction of one or two
time course for apdl) and holo (1) hTRF2 (1xM). The maximum amino acid residues from the N- or C-terminal end. Pepsin
deuterium uptake-{ — —) was achieved at 37C after 5 h. (B) tends to cleave near hydrophobic residues, which are scarce
PLIMSTEX titration curve obtained by monitoring the deuterium iy the DNA-binding domain of hTRF2. As a result, we did
uptake of hTRF2 (100 nM) with increasing amounts of the model . . !
ODN. The H-D exchange time of 3 min was held constant during not observe many derlapplng re.glons' Th? peptides were
the titration. AKp, of 580+ 140 nM, aAD of 25.1+ 1.5 Da, and  S€quenced by obtaining both their product-ion spectra and
aDy of 56.1+ 0.4 Da were output from the PLIMSTEX modeling.
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accurate masses in an E®IS/MS experiment conducted
on an ion trap/Fourier transform mass spectrometer. Unfor-
tunately, we were unable to observe all of the peptides found

plexation with the ligand. The maximum deuterium differ-
ence (AD) occurs at 3 min of H/D exchange.

PLIMSTEX TitrationA titration of hTRF2 with increasing
amounts of the model telomeric ODN at a fixed H/D

with the nanospray ion-trap/FT system on the Q-TOF
instrument, most likely because of the difference in sensitivity
and the source configurations of the two instruments. The
list of observed peptides on the Q-TOF instrument (Figure

exchange time (Figure 1B) yields information regarding the 2) was generated from those that were detected with
dissociation constant. The extent of deuterium uptake sufficient signal-to-noise ratios to afford reliable deuterium
decreases with addition of increasing amounts of ligand, anduptake data as well as complete coverage of the protein.
the final state reaches a similar level of uptake as seen inFollowing the kinetics of deuterium incorporation for the
the H/D exchange kinetics for the 10:1 complex. The individual peptides, we were able to determine those regions
deuterium uptake data were fit with a nonlinear least-squaresof hTRF2 that are protected and those that are unaffected
1:1 ligand binding model, as previously describ@8)( by the binding to the ODN (Figure 3).

The concentration of hTRF2 for the titration experiments  Peptides 437453 and 437456 are located in the flexible
was 100 nM, a concentration that is approximately equal to linker region of full-length hTRF2. Both peptides, with no
theKp determined previouslyl@). We chose that concentra- ligand present, are highly deuterated-81l and 84%,
tion to ensure that when the stoichiometric amount of ligand respectively), reaching this exchange after a short deuteration
was added, there was a measureable amount of free ligangeriod of 1 min. There is no change in the deuterium uptake
in solution. The output of the nonlinear fitting produces a of peptide 437453 when there is ligand present, indicating
Kp of 580 + 140 nM, which agrees with the previously that the peptide has a similar hydrogen bonding network in
reported value within a factor of 3. The paramet@§g56.1 both apo and holo states. Peptide 4356, upon binding
=+ 0.4 Da), which represents the deuterium uptake in the apothe ODN, shows a slight decrease in the extent of deuterium
state at the specified time, arkD (25 + 2 Da) also fit the uptake (~2—3 Da) between 1 and 3 min of H/D exchange.
experimentally observed data. When we used the affinity Residues 454456, represented by the difference in the two
constant determined by PLIMSTEX to calculate the fractional peptide sequences, must reveal some secondary structure in
bound species, we found a value of 78%, in good agreementthis region. Two peptides that are affected significantly by
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Ficure 3: Kinetics of incorporation of deuterium into several peptides of hnTRF2:{Rin the apo ) and ODN-bound form (- - -). The
holo state has a 2:1 ratio of DNA to hTRF2.

binding, arbitrarily defined as @&Dpmax of >25% of the the amide sites. These extents of amide exchange are
exchangeable residues, are 4570 and 471486. After 3 influenced by the binding of DNA, indicating that these
min of H/D exchange, thaD for peptide 457470 is at its regions of the protein are part of the interaction network.
maximum, representing more than 35% of the exchangeableThe helix responsible for the major grove interaction is part
amide sites taking up D. ThAD of peptide 471486 at of peptide 487500. The extent of amide exchange decreases
3 min of H/D exchange exchanged more than 25% of compared to that of the apo state, and AAi&,.x occurs at
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Ficure 4: High-resolution titration of hTRF2 (12M) with increasing amounts of ODN present. The H/D exchange time of 3 min is held
constant during the titration.

1 min of amide exchange. The holo deuterium uptake curve ligand concentration ratio of less than 1:1, consistent with
approaches the apo curve in a shorter time than for the otherthe stoichiometry as one hTRF2 binding domain for one
peptides. At first thought, one might expect that this telomeric ODN sequence motif (e.g., see Figure 4, peptide
portion of hTRF2 would undergo the largest change in 457—470).
deuterium uptake when the telomeric ODN binds, given that  All peptides except 437456 show obvious decreases in
this part of the DNA-binding domain interacts in the major the extent of deuterium uptake as seen when substoichio-
groove. metric (i.e., 0.2 equiv) of the model telomeric ODN is
PLIMSTEX Titrations for Various Regions of the Protein. present. Peptides 45470 and 47+486 show a regular
To probe the equilibrium binding of the telomeric ODN at decrease in the level of deuterium uptake as increasing
various locations of hTRF2, we performed a titration and amounts of the ligand are added, whereas peptide-860
measured the extent of H/D exchange for various peptide shows a more irregular pattern of deuterium uptake with an
regions of the protein. This experiment reveals how the increase in ligand concentration. For the latter, the deuterium
deuterium uptake changes with increasing amounts of liganduptake remains relatively constant until the added ligand
at the peptide level of resolution. The experiment was concentration reaches the stoichiometric 1:1 binding point
conducted at a high protein concentration (dd), which and then decreases to another plateau of deuterium uptake.
is 2 orders of magnitude above the reporkgg to ensure One might expect that the sum of the amplitudes of these
stoichiometric binding of the model telomeric DNA. Carrying curves would be equal to theD found in the titration of
out an H/D exchange experiment of this type produces athe intact protein. One means of assessing this is to compare
“sharp break” titration curve when the intact protein is titrated the extent of exchange in the apo state of the four peptides
with ligand and reveals the binding stoichiomet®i,(22). (437456, 457470, 471486, and 487500) that represent
The largest changes in deuterium uptake take place at al00% coverage to the extent of exchange exhibited by the
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Ficure 5: Summarized acetylation data for four peptides of apo (black) and holo (cross-hatched) hTRF2. The data are normalized intensities
of the monoisotopic peak from three experimental trials of the apo and ODN-bound state. The distribution of acetylation changes in peptides
437—-453 and 487500, while it remains constant in peptides 43770 and 47+486.

apoprotein. The sum for the peptides is 46, whereas 55play a crucial role in the dynamics of binding to telomeric
amides of the apoprotein undergo exchange (compare Figure®NA, a selective modification of Lys and/or Arg side chains
1B and 4). Although the rates of back-exchange are the sameshould be an appropriate approach to probing protein
in the global and high-resolution PLIMSTEX experiments, interactions in proteit DNA complexes. Although one could
the extent of back-exchange of the apoprotein is considerablychoose to modify arginine residues with dicarbonyl com-
smaller than those of the constituent peptides. This occurspounds that condense with the guanidinium group on the
because the protein mass is measured within 2 min of side chain 80, 34, 45), the most common form of selective
guenching the exchange, whereas the peptides are producenhodification is acetylation of the reactive primary amines
in a digestion and introduced to ESI via HPLC. The latter of lysine. Numerous reagents were developed to target
two steps consume time and allow the peptides to undergosolvent accessible lysine3(, 32, 35—38). We chose to use

a greater extent of back-exchange. Thus, although a com-acetic anhydride because it is readily available and easy to
parison of exchange of the peptide and protein is problematic,use, even though we had to employ higher concentrations
the amplitudes in both the kinetics and titration experiments to achieve similar acetylation profiles that are expected with
of the individual peptides can be summed and compared other reagents. One reason for the need for higher concentra-
because the conditions of the analysis are constant from pointions is the hydrolysis half-life of acetic anhydride in aqueous
to point. solutions is 4-5 min (46).

It may be possible to conduct the high-resolution titrations ~ The protein was digested with pepsin after an acetylation
at the same protein concentration as that used in the globalreaction time of 1 min, affording the same set of peptides
titration. We chose, however, to conduct the titration at a that are seen in the H/D exchange experiments. The decrease
higher protein concentration to compress the deuterium in the acetylation patterns of peptides 4363 and 487
uptake over a smaller ligand-to-protein concentration range, 500 is noticeable even at the short acetylation time period
thereby providing both the stoichiometry of binding and a (Figure 5). Peptides 457470 and 471486 do not show
determination of those regions of the protein that interact any change in their acetylation pattern in the presence or
with the ligand. Achieving affinity constants for localized absence of the ODN. Peptides 45470 and 471486 have
regions of the protein requires that the high-resolution two possible sites and one possible site of acetylation,
titrations be done at a lower protein concentration and over respectively. The patterns for both of these peptides show
a larger ligand-to-protein concentration range. relatively little change in their acetylation distributions. By

Acetylation of the Binding SitedVe selected another way of contrast, the H/D exchange showed that these two
method to probe the specific binding sites between hTRF2 peptides have the largest change in the amide hydrogen
and the model ODN. Given that lysine and arginine residues bonding network in hTRF2.
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FIGURE 6: ESI mass spectra of peptide 48500 [M + 4H*]*" with (a) no acetylation, (b) the apoprotein acetylated, and (c) the holoprotein
acetylated. The acetylation reaction was allowed to proceed for 1 min. The amounts of non- and monoacetylation increase in the holo state
of the protein.

The portion of hTRF2 that binds in the major groove of (47). For the binding of hTRF2, the measurement was made
the model telomeric DNA is peptide 48B00. There are by tethering the model DNA to the surface and injecting the
two possible acetylation sites on this peptide: Lys 488 and DNA-binding domain of hTRF2 over the surfacE. This
495. For the apo state, the distribution of acetylation centerstethering may not provide an accurate representation of a
at 1.5, and the most probable amount of acetylation is two. solution affinity. PLIMSTEX, on the other hand, requires
In the presence of the model telomeric ODN, the distribution no tethering and affords the solution-phase affinity. It requires
of acetylation decreases to slightly less than one modification no special labeling (e.g., fluorescent tagging) of either species
(Figure 6). There is a significant increase in the amount of or other physical changes to the system.

unmodified peptide with a concomitant decrease in the The high-resolution PLIMSTEX technique, a modified

doubly acetylated form. This decrease in acetylation indicatesyersion of global PLIMSTEX, incorporates pepsin digestion
that peptide 487500 is shielded from solvent while  and LC-MS measurements to localize deuterium uptake at
interacting with the telomeric ODN. There are four possible the peptide level. This increased spatial resolution of

sites of acetylation on peptide 43453, including Lys 446,  deuterium uptake provides information about the peptide
447, and 449 and the N-terminus of the DNA-binding domain binding dynamics with varying amounts of ligand present.
of hTRF2. For the apo state, a distribution of one to four The data can be compared to structural information revealed
acetylations occurs, centered between two and three modihy NMR and X-ray crystallography techniques to validate
fications. In the holo state, the acetylation distribution shifts the amide exchange methodology. Most of the large changes
to a lower extent, with no visible signal for four modifica-  in deuterium uptake of individual peptides are in regions that
tions. Interestingly, the H/D exchange data for this particular do not contain side chain contacts to the ligand but are in
peptide show no change between the apo and holo statesthose that contain contacts through amide hydrogens or that

undergo an overall tightening of the amide hydrogen bonding
DISCUSSION network.

The advantages of PLIMSTEX are that it is a measure of There was a noticeable difference in the deuterium uptake
solution (not gas-phase) equilibrium, can be used in any of peptides 437453 and 437456, even though only three
buffer, and does not require any tethering or additional amino acids (454456) differentiate the two peptic peptides.
labeling of the protein or ligand. A previous experiment According to the NMR and X-ray crystallography structures,
conducted by using surface plasmon resonance (SPR) yieldshese residues are part of a region thatdv&elical character,

a dissociation constarkg) of 180 nM (12), which is a factor which explains the difference in deuterium uptake between
of 3 different from the value determined by PLIMSTEX. the two peptides. Amide hydrogens involved in@helix
SPR is an accepted means of measuring dissociationwill exchange more slowly than those that are unstructured
constants; its major drawback is that either the macromol- and not involved in hydrogen bonding. Peptides 4333
ecule of interest or the ligand must be tethered to a surfaceand 437456 contain Lys 447, which contacts T9 in the
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minor grove of the m(_)del telomeric ODN. This bir_wding do_es Table 1: Solvent Accessibilities of All Lysine Side Chains in
not affect the deuterium uptake of the two peptides, which hTrr2

is revgaled in the high-.resolution PLIMSTEX f[itration. The Lys apo (B) holo (A2)
deuterium uptake remains constant upon gddmon.of the ODN 26 146,95 188 118.4: 378
because the hydrogens on the lysine side chain exchange 447 1341+ 226 26.61 5.4
too rapidly to be observed in the mass spectrometric H/D 449 139.4+ 20.3 108.6+ 27.7
exchange experiment. 459 118.7+12.3 106.9+ 11.0
The deuterium uptake of peptides 45470 and 471486 igg ﬁi:iﬁ ;;S iié:i é_‘gf’
reveals sites of protection present when the ODN is bound. 488 96.6+ 10.2 10.5+ 3.9
The holo structure, as determined by NMR, reveals an amide 495 110.6+ 13.6 94.3+ 9.5
contact of Ala 471 to the phosphate group of T3. The amide average 71.89.8 61.0+- 8.6

nitrogens of Trp 470 and Asn 469 are also in the proximity ™ a A total of 25 apo structures and 20 holo structures were used to
of the phosphate backbone. The involvement of these amidecalculate the solvent accessibilities. A comparison of lysines to the
hydrogens with the backbone will slow the exchange rate average of all residue side chains shows the relative solvent exposure
with deuterium. The high-resolution PLIMSTEX titration of ~in €ach state. Lys 447 and 488, as well as Lys 449, undergo a decrease
these two peptides reveals their deuterium uptake chang% solvent accessibility in the ODN-bound state. Calculated using
ETAREA.
with an increase in the amount of ligand. At high concentra-
tions of protein, very little free ligand is present in solution. _ _ o
This allows the measurement of an absolute deuterium Peptides that contain Lys 447, 449, and 488 all exhibited
change upon binding the ODN. Peptide 43770 behaves a decrease in their acetylation distributions when the protein
like the whole protein in that the major deuterium uptake binds the ligand, in agreement with the solvent acces_,5|b|l|ty
change takes place from no ligand to the stoichiometric data. Although peptides 43453 and 437456, which
amount of 1:1. TheAD at 3 min of H/D exchange is-5 contain Lys 447 and 449, have consistent shifts in acetylation
with more than 90% of the change taking place before the Patterns, they show no real change in conformation from
ligand concentration reaches the stoichiometric point. The (N amide exchange experiments. Peptides—4&D and
deuterium uptake remains relatively constant after 1 equiv 471486, however, show no distinct change in acetylation,

of the ODN is added. ThAD of peptide 471486 at 3 min and this agrees well with the solvent accessibility data.
of H/D exchange is~3.5. Similarly, upon addition of the Although the side chains are not involved in binding the

ligand, more than 90% of the deuterium uptake change takest€/omeric ODN, their amide backbones do contact the
place before the 1:1 binding point. phosphate groups, causing a tightening of the helical structure

. . . . .. thatis revealed by a change in the extent of H/D exchange.
The helix responsible for the major grove interaction is

) i . The results of the H/D exchange and acetylation experi-
part of peptide 487500. At first thought, one might expect ments afford complementary information regarding the

that this portion of hTRF2 would undergo the largest change binding of hTRF2 to the model telomeric DNA. The
in deuterium uptake when the telomeric ODN binds. When hTRF2-telomeric DNA model affords the opportunity to

comparing the apo and holo NMR structures, however, the ¢ nare the effects on H-bonding of amide hydrogens when
actual amide hydrogen network of the-helix remains 5 protein hinds an ODN ligand, both at the site of interaction
relatively constant in both states. Since there is no change, 4 a4t sites remote from the binding. The extent of the
in the conformation of the helix, the decrease in amide e iation reaction, on the other hand, reveals the decrease
exchange rates for this peppde IS an examplg of th? hydrogen, sojvent accessibility of those lysines involved in the
bonding network undergoing an overall tightening upon piqing of the telomeric ODN. Although other chemical
binding the ODN. The high-resolution PLIMSTEX titration  ,-opes can target different side chains (e.g., OH radicals and
reveals a shift of one deuterium upon binding 0.2 equiv of y4joys cross-linking agents), acetylation with acetic anhy-

ODN, which may indicate a stabilization of the helix upon  yyige is a simple and effective approach to monitoring solvent
lysine and/or arginine interacting with the ODN binding site. accessibility of lysine in DNA-binding proteins. If these

This deuterium shift does not change upon binding additional ohseryations are general, we expect that regions of a protein
ligand up to the 1:1 stoichiometric point. Upon addition of h4t have specific side chain contacts to phosphates or DNA
1 equiv of the ODN, a second shift in deuterium uptake paqes will show relatively little difference in the extent of
occurs, a decrease of an additional deuterium. After this /b exchange but significant decreases in acetylation as
change, the deL_Jterlum uptake remains relatively con_stant;DNA binding occurs. In the case of hTRF2, the N-terminal
however, there is a general downward trend at 2 equiv. jinker and the third helix undergo relatively little change in
To judge the effectiveness of acetylation, we obtained the the extent of H/D exchange but show decreases in the solvent
solvent accessibilities of the hTRF2 lysine residues by using accessibility of lysines upon binding the ODN ligand. The
GETAREA (48). Using the 25 apo NMR structures (PDB technique may be applicable to other protein systems where
entry 1VF9) and the 20 holo NMR structures (PDB entry information regarding ligand-induced cooperativity is sought.
1VFC), we averaged the solvent accessibilities (see Table 1The combined approach allows one to observe areas of a
for a comparison). Lys 447 and 488 show a dramatic decreaseprotein that change their deuterium uptake with relatively
in solvent accessibility in the holo form; Lys 449 has a slight little ligand present and to follow those changes (via a
decrease, and the solvent accessibilities of all other lysinestitration) as the extent of binding is increased. Although we
remain relatively constant. Lys 447 interacts with T9 in the developed this approach to probe the hTRF2 DNA-binding
minor groove, whereas Lys 488 interacts with G5 and G6 domain, we wish to expand the method to full-length proteins
in the major groove. that are difficult to study by other structure-based methods.




1806 Biochemistry, Vol. 47, No. 6, 2008

We also acknowledge the prospect of a high-resolution
PLIMSTEX approach for giving affinity for regions of a
protein. This is the subject of future research.
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