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ABSTRACT. We have characterized the side chalfy for a single lysine analogue within a 316-residue
protein containing 21 lysines and 1678 carbon atoms at natural isotope abundance. To do this, the single
reactive cysteine of a K175C mutant of VP39 (the mRNA cap-specH@-ehethyltransferase from vaccinia
virus) was modified tdS-(3-aminoethyl)cysteinejf-thialysine) using freshly prepareé®C)aziridine at

room temperature. Modification was accompanied by the rescue of catalytic function at high specific
activity. After the fastidious removal of the noncovalently protein-bound aziridine self-polymer using a
novel chelating dialysis procedure, signals were monitored by HSQC NMR. Appropriately pH-shifting
HSQC NMR peaks were identified in th€C)aziridine-modified enzyme, corresponding to detection of
the two covalently attached3C)thioethylamino atoms. The identification was strengthened by comparison
with the positions and pH shifts of spectral peaks for tripeptide controls, a small molecule aziridine self-
polymer mimetic, and a cysteine-minus control enzyme. pH titration of the modified protein indicated an
apparent [, of 8.5, consistent with a perturbedpfor the catalytic lysine and a model in which the
surrounding charged groups direct the lysinamino K, via both local electrostatic environment and
orbital directionality.

Chemical modification rescue of enzymes containing a protein impractical for the purpose of monitoring individual
catalytic lysine by lysine—~ cysteine mutation followed by  side chains. Here, we demonstrate the site-specific chemical
site-specific S-aminoethylation of the cysteine side chain to modification rescue of VP39 at an essential catalytic lysine,
the unnatural residue-thialysine (which is identical in  addressing the conditions outlined above, and demonstrate
molecular structure other than replacement ofyth@H, with pKa monitoring of the rescued side chain by HSQC NMR.
isosteric S) was first described by Smith et 4)) &nd has
proven useful in the investigation of enzyme mechanisms MATERIALS AND METHODS
(1—15). Although this approach provides a potential route
for the site-specific incorporation of an isotope-enriched : : o
ethylamino group, for the monitoring of the catalytic center Cambndge Isotqpe Labsllnc. Potassium phthalimide was
microenvironment by NMR, such an application has not, to obtained from Sigma-Aldrich Inc.
our knowledge, been reported to date. For such an application Generation of VP39 Mutant C272S5/K175C/R209K.
to be effective, several conditions would need to be met, K175C mutation was introduced into a plasmid containing
namely, (a) the presence of only a single reactive site the coding sequence for GST-VP39-C2728)(using the
(cysteine) within the protein, (b) fastidious removal of Chameleon double-_stranded site-directed mut_agenes_ls kit
isotope-enriched unreacted reagents and side products, (c{Stratagene) according to the manufacturer’s instructions.
modification of the protein with only the monomeric form  Briefly, template was co-annealed with mutagenic primer
of S_ethy'amine, and (d) proof that the NMR Signa' present and aPSﬂ/Sadl tOggle.pl’Imel’ followed by primer eXtenSK?n/
after modification and cleanup procedures arose from the ligation, transformation of XLmutS cells, and overnight
ethylamine moiety covalently attached to protein, at the target 9rowth of cells, plasmid preparation arist digestion,
site. retransformation, colony screening, and sequencing. The

Vaccinia virus protein VP39 is an RNA-D-methyltrans- resulting insert was recloned as BiedHindll fragment in
ferase, catalyzing transfer of the methyl group fr@n  Plasmid pET30a (Novagen Inc.), followed by introduction
adenosylmethionine to thé@H of the 3-most transcribed ~ ©f the R209K mutation as a commercial service (MCLAB,
nuc'eotide Of N7mG_Capped RNA. Active forms of the San Fl’anCISCO), fO||OWEd by SequenCIng Of the mutant insert.
protein possess at least 21 lysine residues, rendering the Expression and Purification of VP39 Mutant C272S/
NMR spectroscopy of uniformly stable heavy-isotope-labeled K175C/R209KVP39-C272S/K175C/R209K was expressed

and purified as outlined for the mutant K175C7), except
T This work was supported by National Science Foundation Grants that the expression time was 4 h.

MCB-9604188 and MCB-0091260.
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described17) except that KmG(5)pppG (NEB) had natural  responding to target molecules were lyophilized to dryness.
carbon abundance and thioATP was replaced with ATP. The Averagem/z (M + H]*), expected/observed: AKW, 403.222/
cap-specific 20-methyltransferase assay was performed as 403.390; ACW, 378.136/378.190; AWV, 421.136/421.20.
described 18), with reactions incubated for 60 min at 30 protein Chemical Modification Resculi-NTA column
°C. Dried 25% polyacrylamide gels were exposed to a tritium f4ctions containing the most pure and abundant VP39-
storage phosphor screen (Fuji) which was then scanned ang->725/k175¢/R209K [typically at a concentration-e75—
electronically imaged using a Molecular Imager FX Pro Plus 1004M in a volume of 2 mL of 50 mM sodium phosphate
(B|0-Rad).- L L and 250 mM NaCl (pH 7.4)1(7)] were mixed with DTT
Synthesis of Aziridine and*C)Aziridine. (A) 21—Brorgo— (~20-fold molar excess over protein thiol) and then incubated
ethylphthalimideFive grams of BrCHCH,Br or Br*CH,"* at room temperature fe! h under argon. After 2 mL of 0.5
CHGBr (d|bromoethy!ene) was dlssfolved in 40 ml_. of sodium phosphate (pH 8.5) was added, aziridine was
anhydrous _ac_etor;)e mAgd_lF)O fgl‘ trlfle-neclg fIasI?] ‘;\V'tlh @ added stepwise over the subsequent 6 h. Free thiol concen-
mz_ié;nenc stflrrI:ng grb ;}'Onf 922 hpotagsmm pht E'il'h tration was monitored during the reaction by derivatization
Imide was toliowed Dy retiux for under argon. 1he -, 5,5-dithiobis(2-nitrobenzoic acid)2Q). The reaction
resulting mixture was filtered to remove solid potassium was quenched by addition of excess DTT followed by
bromide residue. The 2-bromoethylphthalimide product was extensive dialysis against (sequentially) buffer A (2 mM
separated from unreacted dibromoethylene in the SaMe,-pEs 0.2 M NaCl. bH 8.0), buffer B (2 mM HEPES, 0.1
solution by fractional distillation!H NMR (500 MHz): mM NiS'O. 0.2 M Né\(pil) t\./vo,changes of buffer A bu,ffe.r
3.48273.4504 (m), 3.78453.7711 (m), 3.97453.9553 C(2mM 4|:|E.PES 01 rﬁM EDTA 0.2 M NaCl p'H 8.0)

ﬁ@,\‘l‘ 'VI2F\7)41(3;—O402&1H52)(m;875?)28(%:; (g% g3726?d0) (?17;“;25:3 0 and then two changes of buffer D (25 mM sodium phosphate,
i y P ' 0.2 M NaCl, pH 6.4). The resulting protein was concentrated

gﬁ;nd) g{:g\f\',?snea;?gdz; bSr(c))g/r;?ethylphthallmMe product was by ultrafiltration (Centricon; Millipore Inc.).
(B) 2-BromoethylamineHBr. 2-Bromoethylphthalimide VP39 mutants were supplemented with Tris-HCI (pH 7.8)
was hydrolyzed by dissolving in concentrated (48%) HBr to 100 mM and then with protease Arg-C (Roche Applied
and then incubating at 13&. After 10 h, the mixture was  Science) at a substrate:protease mass ratio ef180:1,
filtered and the filtrate extracted three times with diethyl followed by incubation at 37C for 3—6 h. The resulting
ether.’3C NMR (500 MHz): 31.0073, 30.71144: = 36.98 peptides were desalted using C18 Zip-Tips according to the
Hz), 44.0678, 43.6943 (DSS as internal reference). 2-Bro- manufacturer’s instructions (Millipore Inc.), then mixed (1:1
moethylamine-HBr was recovered from the aqueous phase V/v) with cyano-4-hydroxycinnamic acid matrix [Sigma-
by evaporation under reduced pressure. Stepwise yield: 90%Aldrich Inc., freshly dissolved at 10 mg/mL in 50:50:0.1
(C) Aziridine.Aziridine was synthesized by hydrolysis of ~ (V/V) CH:CN:H,O:TFA], then dried on ground steel MALDI
2-bromoethylamineHBr in NaOH as described1). *H target plates, and analyzed by MALDI-TOF (Autoflex;
NMR (500 MHz): 1.78314, 1.4517394y = 165.7 Hz).13C Bruker Daltonics Inc.) in reflector mode.
NMR (500 MHz): 20.0053. These NMR data supportéct NMR SpectroscopyAll NMR spectra were acquired at a
labeled aziridine as the product. temperature of 25°C. Tripeptides were dissolved to a
Tripeptide Synthesis and Modificatiofripeptides ACW  concentration of 1640 mM in 0.2 M NaCl and 25 mM
and AKW were synthesized manually by standard solid- sodium phosphate buffer (pH 6.4) containing 10%0D
phase FMOC chemistry. AKW was cleaved from the support protein VP39-C272S/K175C/R209K was at a concentration
using 98% TFA/2% triisopropylsilane. For synthesis of of 0.15 mM in this buffer. For tripeptides and protein, upward
ACmW (where G, represents cysteine modified jothia- pH titrations were carried out by the stepwise addition of 2
Iy_sine), th_e protecting monomethyltrityl group on the cysteine M NaOD in D,O (2—4 uL per pH point) with gentle mixing.
side chain of ACW was removed using 5% TFA/2% The pH was monitored using a pH microprobe (model M-
triisopropylsilane in dichloromethane, and the support-bound 71 Microprobes, Inc.) immediately before and immediately
ACW was washed at least three times with DMF to eliminate gfter collecting data, and the average pH was taken to be
the TFA. Support-bound ACW was then mixed with freshly  the actual value. TETA was dissolved in 25 mM sodium

prepared aziridine (at a concentration-e1—~10 mM in phosphate and 0.2 M NaCl (pH11.0), and the pH was
DMF). After 6 h atroom temperature, AQGN was cleaved  jownward titrated by the stepwise additidr2avl HC. After

from the support as described above. Following cleavage, o5cp pH reading, the pH microprobe was rinsed with
AKW and ACnW were precipitated with cold diethyl ether,  .homate and then water.

washed once with diethyl ether, dissolved in water, and then ) _ . .
lyophilized. They were then each purified by C18 column _|'IPeptide and TETA spectra were acquired using an 800
chromatography (Waters, Inc., model 2525 binary gradient MH?z instrument (Varian Unity Inova; U€lrvine) with a

module, 515 HPLC, model 2996 diode array detector, and [iPle resonance HCN6157 probe ardy, z-pulsed field
column fluidics organizer) running a 15 min gradient of 9gradient. For assignment purposes, DQFCOSY spectra were

4—20% CHCN in 0.1% TFA with online LC-MS monitor-  acquired at the stgrting PH (pH 6.4) with a data matrix of
ing (Micromass ZQ micro API benchtop single quadrupole 256 ¢1) complex pairs. Prior to the standard DQFCOSY pulse

mass spectrometer/MassLynx 4.0 software). Fractions cor-S€duence, Watergate was used for water suppression (during
the relaxation delay periodi; = 1.3 s). The spectral width

! Abbreviations: PEI, poly(ethylenimine); TFA, trifluoroacetic acid; was 9000 Hz in both dimensions. FID1 were multiplied with

DMF, dimethylformamide; DTT, dithiothreitol; HEPESK(2-hydroxy- & Sine-square-bell window function in both directions.
ethyl)piperazineN'-2-ethanesulfonic acid; TETA, triethylenetetramine. DQFCOSY spectra were recorded over-al® h period.
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For 2D [**C'H]-HSQC spectroscopy of tripetides and
TETA, 64 x 1024 data matrices in complex data points in
the time domain were acquired with 16 transients for each
FID. H,O signals were suppressed using Watergate. Relax-
ation delay between scang; was 1.5 s. Spectra were
obtained with sweep widths i andt, of 12001 and 14078
Hz, respectively. Linear prediction to 128 complex points
in thet; dimension and cosine-square-bell window functions
in both t; and t; dimensions were used before Fourier
transformation. The final spectrum contains 26@048 data
points. Chemical shifts)) were calibrated relative to DSS.
For each pH titration, one data set was recorded per pH point
(correspondlng to 810 data sets in all). . Ficure 1: Synthesis of aziridine. For details see Materials and

Protein NMR 2D [3CH]-HSQC spectra were acquired Methods.
using Bruker Avance 600 or 800 MHz NMR spectrometers
(University of Houston) with &H/**C/*N TXI probe and
z-pulsed field gradient. The pulse sequence was as for
tripetides and TETA (above) excegf = 0.5 s. A total of To more fully understand the catalytic mechanism of the
64 x 1024 data matrices in complex data points in the time vaccinia virus mRNA cap-specific’-D-methyltransferase
domain were acquired with 720 transients for each FIEDH  (VP39), we chose to determine thi& of lysine 175, located
signals were suppressed using Watergate. The scalar evoluwithin the methyltransferase catalytic center. Since there was
tion delay was 7.14 ms. Recovery delay between scans waso obvious reporter group method (such as Schiff base
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0.5 s. The carriers ofH and*3C channels were set to 4.7
and 46 ppm, respectively. The spectral widthdkbfind*C
were 11160 and 8048 Hz, respectively. Linear prediction to
128 complex points in the dimension and cosine-square-
bell window functions in botft, andt, dimensions were used
before Fourier transformation, and the final spectrum con-
tained 256x 2048 data points) were calibrated according
to DSS.

Curve Fitting. Since the exchange rates of protons from a
primary amino group are fast compared to the observed
chemical shifts §op9 leading to NMR signal coalescence,
dobs Was taken to be a weighted average of chemical shifts
attributable to the protonated{+) and unprotonatedj(y)
forms @21). Our titration data were therefore fit to a modified
version of the Hill equation, namely, eq 2 from &£ (0y+
— 0o/ (On+ — Or0) = KJV(Ka" + [HH]M), where Out — by
(0wt — Owo) is the fraction of molecules with a neutral amino
group, K, is the dissociation constant, amdis the Hill
coefficient.

Rearranging:

Oobs= Opr — (O — Ol (L + ((H'17K)) (1)
wheredqns = ordinate ) on plots of pH vsd. Now, letdy+
(asymptotic value on the ordinate corresponding to full
protonation)= KO, anddy+ — o (asymptote-to-asymptote
span on the ordinate corresponding to the full change in
protonation stater K1, then eq 1 becomgs= KO — (K1/

(1 + (KJV[HT]M)). SinceK, = 10 PKa and [H] = 107 PH,
theny = KO — (K1/(1 + 10"PH-P)). Now, let K = K2, n
(Hill coefficient) = —1/K3, and pH= x (abscissa on plots
of pH vs ¢), theny = KO — (K1/(1 + 10 xKa/K3y),
Nonlinear least-squares fitting of data to this sigmoidal
function was performed using the program Igor Pro (version
5.03; Wavemetrics, Inc., Lake Oswego, OR). Statistical
uncertainty (error) for the coefficient values was estimated
by Igor Pro from the inverse of the Hessian matrix and the
residuals.

Molecular Graphics.Molecular graphics were rendered
using RasMol 22) and VMD (23), with PDB file 1av6 @4).

formation) for this enzyme, we turned to dire¢tgmeasure-
ment by NMR. Our strategy was to substitute lysine 175
with a cysteine in the context of a cysteine-minus variant of
VP39 and then rescue tothialysine using &3C-enriched
version of either 2-bromoethylen&iBr or ethyleneimine
(aziridine), thereby restoring full enzymatic activity and
simultaneously incorporatintfC/*5N stable heavy isotopes
into the side chain. The appareri{pfor the labeled side
chain would be elucidated by pH titration with HSQC NMR
monitoring.

Since 2-bromoethylamine has commonly been used for
chemical modification rescue of cysteineytaghialysine (,
3—15, 25), commercially prepared 2-bromoethylamine was
tested for modification of VP39-C272S/K175C/R209K,
followed by Arg-C protease digestion and MALDI-TOF
analysis. The estimated extent of target site modification
(~64%; data not shown) was within the range observed by
others with a variety of other proteing, (3, 58, 12, 13,

15, 25), and spurious modifications were not observed in
MALDI-TOF spectra (data not shown). However, to achieve
this level of modification, overnight reaction at 3€ was
required which, under the buffer and reagent conditions
employed, led to considerable protein loss through aggrega-
tion.

To facilitate briefer and milder reaction conditions, we
tried using aziridine [a derivative of 2-bromoethylamine (refs
26—28 and references cited therein)] as the modification
reagent, under the assumption that it may be inherently more
reactive than 2-bromoethylamine due to internal bond strain.
A potential disadvantage in the use of aziridine, however,
might be its potential to self-polymerize in agueous incuba-
tions 29—31). To minimize storage time, aziridine was
therefore synthesized and purified in-house, according to the
scheme shown in Figure 1. Both freshly prepared and stored
aziridine were tested for self-polymerization by LC-MS (data
not shown). Self-polymerization was significant during
storage at room temperature and could also be detected after
—80 °C storage (data not shown).

Modification efficiency and product homogeneity were
tested using, as an assay target, the tripeptide ACW (whose
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Ficure 2: Polypeptide modification by aziridine. (A) On-resin modification of tripeptide ACW with freshly prepared (less than 24 h old)
aziridine (synthesized with natural abundance isotopes). Tripeptide synthesis, cleavage from the resin, and deprotection were followed by
C18 column purification of the resulting, crude reaction mixture with LC-MS monitoring. Shown superimposed are the extracted ion
chromatograms for unmodified tripeptide (redz 378), aziridine monomer-modified peptide (purptéz 421; inset molecule), and aziridine
dimer-modified peptide (greemyz 464). Minor products such as metal cation adducts of the three ions (not shown) were also detected,
whose fractional abundances were equivalent for each the three species shown here. (B) Modification (4 h, room temperature) of VP39-
K175C protein with freshly prepared aziridine (synthesized with natural abundance isotopes) followed by protease Arg-C digestion and
MALDI-TOF analysis. Upper panel: Unmodified VP39-C272S/K175C/R208#z[3636 peak is unmodified Arg-C peptide GGNEPS-
TADLLSNYALQNVMISILNPVASSL CWR (positions 144177 in the wild-type sequence)]. Lower panel: After aziridine modification.

The aminoethyl-modified peptide is 43 Da heavier. By integration of the areas under the peaks, it was estimated that 66.7% of the protein
in the preparation was modified in this reaction (albeit that MALDI-TOF analysis may not be entirely quantitative). The minorm&ak at

3665 appeared in both unmodified and modified spectra and was thus disregarded. (C) Methyltransferase activity of wild-type VP39 and
the unmodified and modified C272S/K175C/R209K mutant. The arrow points to methylated substrate RNA.

sequence mimics that around the target single cysteine inin the lower temperature/shorter duration reactions employed
VP39-K175C but with an = A substitution due to concerns  for aziridine. Specific off-target modifications with aziridine
about peptide solubility). On-resin modification of ACW were not detected though their occurrence in trace amounts
with freshly prepared aziridine at room temperature was could not be entirely discounted. Whereas unmodified VP39-
efficient. At the conclusion of the reaction, an estimated C272S-K175C-R209K had no detectable methyltransferase
68.7% of the preparation was target site-modified with activity, the modified protein was active (Figure 2C),
aziridine monomer (Figure 2A). Only5.3% of reaction exhibiting 20-30% of the specific catalytic rate of wild-

products were aziridine dimer-modified, and higher order
aziridine multimer-modified forms were barely detectable
(Figure 2A).

Intact VP39-K175C protein was then incubated with the
freshly prepared aziridin@ia 4 h,room temperature reaction.
The extent of target site modification at the conclusion of
the reaction was estimated to be66.7% (Figure 2B).
Although this was equivalent to the modification level
achieved in an overnight incubation using 2-bromoethyl-
amine at 37°C (above), protein losses due to aggregation
during the modification reaction were, notably, negligible

type VP39 (data not shown).

To demonstrate whether there was a distinct spectral
signature for the aminoethyl portion of aziridine-modified
ACW (ACW), a control tripeptide AKW (in which the ly-
sine aminoethyl group is attached to a carbon) was synthe-
sized and purified. The two tripeptides, along with the small-
molecule polymer mimetic TETA [NFCH,CH,(NHCH,-
CH,)2NH;] (in which the terminal aminoethyl groups are
attached to nitrogens), were examined by NMR. After
elucidating couplings within each of the three molecules by
DQFCOSY leading to the assignment of all carbons in each
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of VP39 around K175), AGW (y-thialysine mimetic of AKW),
and triethylenetetramine [NI€H,CH,(NHCH,CH,),NH,]. (A)
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pH (Figure 3B) indicated apparenKpvalues 0f~10.85 and
~9.68 for the side chain amino groups of AKW and A,
respectively. Thus, although the solutiokpralues for the
side chain amino groups were apparently elevated slightly
for both lysine and/-thialysine upon incorporation into an
equivalent tripeptide context (by 0.32 and 0.16 pH unit,
respectively), the apparenKpdifference (~1.01-1.17 pH
units) was maintained. This indicated that, although the
absolute [, of the aminoethyl group was dependent upon
covalent context (whether S- or C-coupled), a context-
dependent polarizability (free amino acid vs tripeptide) was
maintained for the amino group irrespective of covalent
context. The latter factor was considered to adequately
validate use of/-thialysine as a covalen®pprobe in intact
proteins. Curve fitting to the TETA titration indicated K
amine of 9.94 (Figure 3B) that was distinguishable from the
compound’s §-imine of 6.53 (data not shown).

For pK, determination of modified intact proteins by
HSQC NMR, aziridine enriched at bofiC’s (which was
not commercially obtainable) was prepared as described
above (Figure 1) and then used immediately for modification
of VP39-C272S/K175C/R209K. Acceptable levels of cor-
rectly targeted protein modification were achieved using this
reagent (Figure 4A shows an estimated level of 40.1%).
Although the protein contains an additional cysteine at
position 178, this cysteine is profoundly unreactigg, (34).

Albeit that the profiles of Arg-C peptides from the
modified and unmodified proteins were essentially indistin-
guishable in MALDI-TOF spectra, with the exception of the
target-containing peptide (Figure 4A; data not shown),

Superimposed HSQC NMR spectra acquired at pH values repre-MALDI-TOF spectra of intact VP39-C272S5/K175C/R209K
senting asymptotic and intermediate points in the titration of each protein showed an average modification-dependent increase

tripeptide. For AGW carbons 5 and 6 (numbered according to
Figure 2A inset), blue= pH 8.6, gray= pH 9.3, red= pH 9.7,
green= pH 10.2, and mauve pH 10.7. For AKW lysine carbons
€ ando (standard lysine nomenclature), bleepH 9.6, red= pH
10.7, and mauve= pH 12.0. For triethylenetetramine carboms
andp (representing the amino-adjacent and-&djacent carbons,
respectively), blue= pH 7.47, red= pH 9.3, green= pH 9.96,
and mauve= pH 11.7. (B) Plots § vs pH) showing the complete
titrations including the subset shown in panel A for A& (C6),
AKW (Ce), and TETA (Qv). For each of the two tripeptides,
indistinguishable curve fits and appareit,walues were obtained

by ~3250m/z, which corresponds to the mass of a polymer
possessing~72 aziridine monomer units (Figure 4B).
Manifestly, the modified protein was associated with tightly
noncovalently bound-{C)aziridine-based self-polymer whose
“stripping” from the protein would be necessary in order to
avoid significant challenges in later HSQC spectral inter-
pretation. Since the aziridine self-polymer presumably
resembled PEI, a dialysis procedure was developed that
exploited PEI's metal-chelating properties. This procedure

irrespective of which of the two aminoethyl carbons was monitored was Successful |n returr"ng the apparent molecular Welght

(carbon 5/6 ordle for ACLW and AKW, respectively; data not
shown). It was later determined that tripeptide LKW, the bona fide
mimetic of the sequence around position K175 of the VP39

of protein, after the modification reaction, to the predicted
molecular weight (Figure 4B) in a manner that was absolutely

sequence, was also soluble, and titration of this control peptide wasdependent upon the metal ion/chelation steps (data not

identical to that of AKW (data not shown).

shown). Figure 4C shows superimposed HSQC spectra for
modified VP39-K175C/C272S protein before and after

molecule (data not shown), they were each subjected to pHchelating dialysis (the spectrum shown after dialysis repre-

titration with HSQC NMR monitoring of the two aminoethyl

senting a 176-fold greater number of scans than that from

carbons. The superimposed HSQC NMR spectra (Figure 3A) pefore). The intensities of some spots (such as that marked
demonstrated highly distinct signatures for each compound,“p” for “polymer”) decreased or disappeared after dialysis,

indicating that aziridine covalently attached to protein thiols
is distinguishable from potential artifactual signals arising
from either lysine or amino-derivatized protein.

pinpointing their source as noncovalently bound material
(presumably free aziridine self-polymer). Due to the scan-
number difference between the two spectra, the extent of

In addition to their distinct spectral signatures, the three decrease was far greater than it would appear in Figure 4C.

aminoethyl derivatives exhibited distind{pvalues (Figure
3B). The K, of the e-NH, group of freey-thialysine has

For other peaks (such as that marked “C” for “covalently
bound”) intensities were undiminished (they appear to

been reported to be almost 1 pH unit lower than that of free increase in intensity due to the difference in scan number

lysine [10.53 and 9.52 for free lysine and freehialysine,
respectively 82)]. To our knowledge however, theKp of
the y-thialysine side chain in the context of a polypeptide
chain has not been reported. Curve fitting to plotsjofs

between the “before” and “after” spectra), identifying their

source as covalently bound material. The signal marked
C corresponds to the signal in Figure 3A arising from the
(*3C)aminoethyl carbon atom covalently coupled to the
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Ficure 4: Modification of VP39-C272S/K175C/R209K with fresh
(*3C)aziridine, followed by removal of self-polymerized aziridine
by chelating dialysis. (A) Arg-C digestion followed by MALDI-
TOF analysis. The 45 Da heavier form corresponded to*@-(
aminoethyl-modified peptide. It was estimated that, in this experi-
ment, 40.1% of the protein in the preparation was modified (albeit
that MALDI-TOF analysis may not be entirely quantitative)%

of the aziridine was dimerized (data not shown). (B) Left: MALDI-
TOF spectrum of aziridine-modified VP39-C272S/K175C/R209K
directly after modification. The observed centreoitz was higher
than that predicted for the protein by3 kDa (~7—8%). Right:

As left, except directly after the chelating dialysis procedure. (C)
Change in HSQC/COSY spectrum fot3¢)aziridine-modified

Li and Gershon

attacking protein nucleophile (Figure 3A).

Aziridine-modified, dialyzed VP39-C272S/K175C/R209K
was next pH-titrated, monitoring by HSQC at each pH step.
Figure 5A shows the raw HSQC spectra obtained at five
distinct pH values, superimposed. To more clearly identify
the signal from the covalently attache&Q)aminoethyl,
several levels of data filtering were applied to the superim-
posed spectrum set. First, foldback signals were manually
removed (Figure 5B). The spectrum set of Figure 5B was
then compared with the spectra of Figure 4C to identify
coinciding signals between the two experiments. The two
strongest signals in Figure 5B (P and C) corresponded to P
and C in Figure 4c (described above). The next most
abundant signals in the spectrum set of Figure 5B shifted
progressively with pH (shown connected with black lines).
These were the only clearly observable signals in Figure 5B
that shifted progressively with pH.

Figure 5C is a further edited version of Figure 5B in which
P [which was identified as noncovalently bound material
(Figure 4C) and which showed no obvious titration with pH]
has been manually edited from the spectrum set. In addition,
black, orange, and cyan rings in Figure 5C indicate the pH-
dependent signals from carbons 5 and 6 of the,AC
tripeptide, lysine carbod of the AKW tripeptide, and carbon
p of triethylenetetramine, respectively (positions transposed
from Figure 3A). Manifestly, the signals in Figure 5C
corresponding to C (Figure 5B) arise from the attack upon
(*3C)aziridine of nucleophile(s) in the protein which cannot
be identified from these signals but which would include
the K175C thiol, and/or endogenous lysine with carbon at
natural abundance. Perhaps most interestingly, however, the
signals in Figure 5C corresponding to those in Figure 5B
that shifted progressively with pH (connected with black
lines) corresponded precisely with the pH titration of AMZ
tripeptide carbon 6 (Figure 3A, the latter being transposed
to Figure 5C as black circles) but not with the pH titration
for either AKW (carbor¥) or TETA (carbono) (Figure 3A).
Thus, the black line-linked signals in Figure 5B,C were
clearly identified as arising fromtC)aminoethyl that was
covalently attached to the protein via a thiol linkage, the
single reactive thiol linkage in the protein being that of the
K175C cysteine. Figure 5D shows an HSQC spectrum for
aziridine-modified, exhaustively dialyzed cysteine-minus
VP39 superimposed on a portion of Figure 3A. No signal
was observed in this control spectrum corresponding to the
—S—CH,—CH,—NH, chemical signature of covalently modi-
fied protein, reinforcing the above interpretation that the
signature detected in Figure 5& is cysteine modification-
specific.

The black line-connected peaks in the spectrum set of
Figure 5 were plotted vs pH (Figure 6), and the apparent
pK, of the titratable group was deduced to be 8.507
(£standard deviation of 0.0687), representing a downward
shift of greater than 1.6 and 2.Kpunits with respect to the
control tripeptides AGW and AKW, respectively (Figure
3B and associated text). Apparent Hill coefficients for the
13C and'H plots were 2.194: 0.20 (standard deviation) and

VP39-K175C/272S before (red, 4 scans) and after (blue, 704 scans)—1 3534 0.152, respectively. These two values, although

chelating dialysis (spectra superimposed). Spectra were acquire

at pH 6.4. P (arrowed) is the most prominent signal that is lost
during dialysis (presumed to be the noncovalently bound PEI

Yerived from the same spectra, appear to be distinct with a

statistical certainty 0f~99.15% (coinciding only at-2.4

polymer; see text). C is the most prominent of the signals that did Standard deviations from their respective means). We at-

not decrease during dialysis (covalently bound material).

tribute differences between the coefficients to the difference
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Ficure 5: pH titration of ¢2C)aziridine-modified VP39-C272S/K175C/R209K. (A) Overlaid spectra (unfiltered) taken at various points
during the titration: pH 6.45 (black), 6.9 (blue), 7.8 (red), 9.0 (mauve), and 9.8 (green). (B) As in (A), after manual removal of foldback
products. P is the signal identified as P in Figure 4C (residual polymer). The next most abundant signals after P and C appear to shift
progressively with pH and are connected with black lines. (C) As in (B) except the P signal has been removed manually, and overlaid rings
(black, orange, cyan) show positions of signals from,MC(carbons 5 and 6), AKW{ carbon), and TETAA carbon) pH titrations,
respectively (positions transposed from Figure 3A). (D) Positions of signals from the control protein Cys-minus VP39 after modification
and exhaustive chelating dialysis as above (HSQC were acquired at pH 6.4). HSQC NMR signals (orange) from the resulting material are
shown overlaid on the plot of Figure 3A.

in accuracy with whichd could be read from the two proteins has been documentedb), stable isotopes are
dimensions of NMR plots, since the dispersiortidfsignals typically incorporated in vivo using®C-enriched amino
was 12-fold less than that fdfC and was therefore read acids. In our case, however, it was felt that VP39's possession
with correspondingly lower accuracy (as reflected in the of 21 lysine residues would present insurmountable problems
vertical error bars on the plots). Thus, the Hill coefficient in the interpretation of spectra generated from in vivo labeled
for the titration appears to have a value greater than 1, protein. To examine theky of VP39's lysine 175, we

perhaps around 2 (from tHéC plot). substituted it with the analoguethialysine, accompanied
by site-specifict®C enrichment, using a chemical modifica-
DISCUSSION tion rescue strategy. This was implemented by first making

In a previous study, an orbital steering mechanism was @ Serine substitution at the sole chemically reactive naturally
proposed as the catalytic mechanism@methyltransferase ~ 0Ccurting cysteine [C272S, a mutation that does not affect
enzymes 17), a mechanism that would requirpdepres- ~ Methyltransferase activityl6)], followed by a catalytically
sion for the catalytic lysine in the context of intact enzyme. CiPPling K175C mutation at the catalytic center and restora-
To address thelfy, of the catalytic lysine-amino group in  tion to enzymatic activity (Figure 2C) by chemical modifica-
situ, we used, as a model, the mRNA cap-specific RNA 2 llon rescue.

O-methyltransferase (VP39) from vaccinia virus and mea- The 3C-enriched rescue reagent was shown to be co-
sured the apparentkp of the chemically rescued lysine valently bound to the protein at the target cysteine, and the
directly by HSQC NMR. Although use of NMR techniques only clearly pH-responsive signal in subsequent HSQC
for direct measurements of lysine side chalq, fin intact experiments was spectrally positioned precisely as expected



914 Biochemistry, Vol. 45, No. 3, 2006

Lt
L
up

=C ppm

pH

FIGURE 6: pK, Of y-thialysine in the VP39 catalytic centérvalues

for all pH points for carbon 6 (including the five shown in Figure
5A—C) are plotted vs pH. Vertical and horizontal error bars
represent estimated error in quantifyidgd and variation in pH
during data acquisition, respectively. Sigmoidal curve fits area
shown, flanked by additional curves representing statistical 95%
confidence limits (number of fit iterations 3 or 4). Residuals
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tion but prior to NMR spectroscopy. This step was designed
to strip the protein of noncovalently (electrostatically)
adsorbed self-polymer, exploiting the chelating properties of
PEI (the aziridine self-polymer expected to form preferen-
tially). Niz* or Mn?" was used in the dialysis buffer out of
three considerations: solubility of trace amounts of metal
phosphate, coordination efficiency of metal with the polymer,
and stability of the metal salts at pH 8. Paramagnetic line
broadening was minimized by dialysis against EDTA to
remove traces of Nior Mn?". Evidence that self-polymer
had indeed formed during the protein modification reaction
rested largely on preliminary experiments indicating the
critical requirement for the metal ion/EDTA steps in the
dialysis procedure in order to obtain a MALDI-TOF peak
with bona fidem/z and also from HCCH COSY NMR
experiments with undialyzed protein, which showed strong
signals corresponding to aziridine dimer and trimer (data not

(shown above the curve fits) appear nonsystematic, indicating theshown). The chelating dialysis-dependent diminution or

appropriateness of the fitting equation used. Fitting to'#@eand
1H data yielded apparenp values of 8.548+ 0.0505 and 8.467
+ 0.0868 (standard deviation), respectively (mead.507+ mean
standard deviation of 0.0687) forthialysine covalently linked to
VP39's catalytic center.

for an S-linked aminoethyl (according to tripeptide controls)
and distinct from the spectral positions of noncovalently
attached aziridine polymer. Moreover, the appardfyf @f

the site-specifically attached probe, in the context of the
active enzyme catalytic center, was shown to be distinct from

complete abrogation of a number of prominent HSQC peaks
attested to the efficacy of this step. Fortuitously, only trace
amounts of higher order polymer were detected covalently
attached to the protein (as indicated by the mass spectro-
metric characterization of tripeptide and protein modification
products; Figures 2B and 4C and data not shown). This
indicated a suppression of the more reactive, aziridine-
terminated form of the self-polymer in either abundance or
cysteine thiol reactivity or both. The almost complete absence
of higher order covalent protein adducts of aziridine simpli-

that of possible alternative compounds such as aziridine fied the interpretation of HSQC spectra.
polymer. The methodology described here provides a gentle According to an orbital steering model for activation of

way to site-specifically modify a cysteine side chain to
y-thialysine in a native,~40 kDa protein at ambient

VP39's methylation target, namely aQH of its mMRNA
substrate17), a deprotonated form of VP39's catalytic lysine

temperature and pH in such a way that it is subsequently (K175) stabilizes and forms a hydrogen bond with tHel2

possible to detect HSQC NMR signals from just two heavy
atoms.
Aziridine has a propensity to slowly self-polymerize in

proton such that a fre¢ QH oxygen orbital points directly
at the cofactor methyl groud. 7). VP39's methyltransferase
activity exhibits a bell-shaped pH profile, whose optimum

aqueous solution or in the presence of trace amounts of wateiis at pH 7.5 87) or 8.0 (L8) and whose downward arm has

(29—31). Moreover, covalent incorporation of self-polymer

been shown to correspond to a weakening of substrate

at cysteinyl residues could be envisioned due to the presenceinding (18). It seems reasonable to suppose that the upward

at the terminus of the polymer of, for example, an intact
aziridine moiety 81, 36). In prior studies employing the Cys
— Lys chemical modification rescue of enzyme activity (
4, 8, 10, 14), noncovalently and covalently attached self-
polymer would typically be silent, affecting perhaps only
specific activity rather than activity per se. However,
covalently labeling with aziridine followed by monitoring
of signals from the correctly attached modifying group

arm [pH 6.5-8.0 (18) or 6.75-7.5 (37) with its inflection
around pH 7.17.25] represents activation (deprotonation)
of the catalytic lysine, and this inflection may therefore
represent theko, of K175 in wild-type VP39. Since thelf,

for the side chain N of free lysine in water is~10.5, such

a pK, for lysine would represent & depression of3 pH
units in the context of VP39's 3D structure with respect to
free lysine. DepressedKp values for lysine side chains in

present at only a single copy per protein molecule, required the context of intact proteins are not uncommon, however.

(a) the fastidious removal dfC-enriched side products that

They may result from a hydrophobic side chain microenvi-

were not covalently attached to the protein such as aziridineronment 88—40). Calculations indicate that only-012%

self-polymer, (b) the removal of organics at natutit-

of K175’s overall surface area is solvent-exposed (depending

isotopic abundance but higher molecular abundance, and (cupon the parameters used to calculate solvent exposure; data
the earmarking of lower abundance material that could not not shown), though the &Natom of K175 appears to be

be removed, such as very tightly noncovalently bound or
misdirected covalent adducts.

entirely solvent-exposed (Figure 7A). Microenvironmental
hydrophobicity may therefore play only a limited role in

As a precaution against self/side-reaction products thatdepressing K175's aminokg.

could form during aziridine storage, only the freshly syn-
thesized compound was used for protein modification.

A low lysine pK, can also arise from electrostatic factors
(40), in which the proximity of a “like” charge (such as the

Although the extent of aziridine self-polymerization during side chain of an arginine or another, adjacent lysine) can
the protein modification reaction was unclear (it was not increase the lysine amino group’s tendency to deprotonate
assayed directly), very strong HSQC signals were eliminatedin order to relieve the electrostatic repulsiati), Scrutiny

via a chelating dialysis step included after protein modifica- of the VP39 crystal structure indicates that, in the wild-type
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FiGure 7: (A) Space-filling model of VP39 showing a view into the methyltransferase catalytic center. The K175 side chain is colored:
blue, N¢; yellow, Ne amino protons; cyan, & mauve, @. TheSadenosylhomocysteine cofactor and the target nucleotide (stick representation)
are colored yellow and green, respectively. (B) VP39’s catalytic triad; the two side chains at the VP39 catalytic center located closest to
K175. (C-E) For the side chains of K175, D138, and R209, bond distances are shown for individual pairskK1733 D138-R209, and
K175—-R209, respectively. In each panel, the triad has been reorientated for clarity of bond representation and labeling.

enzyme, the side chains of two residues, D138 and R209,may be controlled by a combination of purely electrostatic
are within closest hydrogen-bonding distance of K175’s side effects (R209) and proton “pulling” effects (D138). To stably
chain amino group (Figure 7B), 1.98 and 2.39 A, respectively accept a proton, D138, in turn, would presumably need to
(Figure 7C,E). The partially $ghybridized (i.e., planar)  have an elevatedKa. Although there are no negatively
terminal moieties of both of these side chains are almost charged side chains nearby to promote this, a hydrophobic
precisely perpendicular to one another (Figure-B, with environment might be a possibility.
R209’s orbitals orientated perpendicularly to the orbitals of  The K, of 8.5 measured here for the thialysine side chain
both D138 and K175 (Figure 7B,C) but with D138’s orbitals at position 175 was insufficiently depressed, ¥%.25 pH
orientated in a manner conducive to hydrogen bond formation units, to fully account for the upward arm of VP39'sQ@-
with K175. Specifically, the H atoms of K175'sd\tan be methyltransferase pH profile. The protein studied here, how-
swiveled almost directly across an orbital of one of the two ever, was the VP39-R209K mutant. The measuiegrpay
D138 carboxyl oxygens. Evidence for a strong bond betweentherefore be entirely consistent with enzyme function if the
K175 and an opposite charge such as that of D138 comedysine substitution at position 209 recapitulates only a portion
from the Hill coefficient for the K175 titration, which  of the electrostatic potential of arginine, or if partidk4
appeared to be significantly greater than unity, perhaps depression in the mutant was entirely attributable to D138.
approaching a value of 2.0 (see Results). Studies to examinely, effects in D138 mutants, an R209A
We suggest that the effect exerted by the R209 side chainmutant and a protein that is wild type at both positions 138
is purely electrostatic in nature with no direct hydrogen and 209, are ongoing. Mutant R209A shows no methyltrans-
bonding, acting to repel an approaching proton and/or ferase activity (data not shown), consistent with a model
promote loss of a proton from K175 to relieve repulsion. whereby some positive charge at position 209 is essential.
Since the K, of the arginine side chain (12.5) is higherthan ~ The experimental system described here, in which elec-
that for lysine, the K, depression would be experienced trostatic interactions can be individually dissected and the
primarily by the lysine. It may be argued that proximity of resulting K, effects assayed, could be developed further:
a negative charge (D138) would have the opposite effect, For example, NMR signal:noise might be raised in a number
namely, stabilization of a proximal positive charge via salt- of ways, such as by doing replicate titrations (perhaps along
link formation, leading to an elevation of the lysink (40, with replicate modification reactions) and then summing
42). However, since D138 and K175 are already ionized at spectra. Recombinant protein could be produceR.icoli
physiological pH, perhaps the presence of the D138 negativegrown in the presence of D to eliminate proton-coupling
charge does not provide a thermodynamic impetus to drive signals from**C at natural abundance. Moreover, an HCCH
K175's K, upward. Instead, perhaps D138’s role is to COSY experiment could be developed in which signals are
provide a strong hydrogen bond acceptor. A D138 carboxy- acquired specifically from two adjace®C atoms, which
late orbital may thus be “pulling” K175’s proton away more would be expected to be highly selective for the chemical
avidly than it is creating an electrostatic environment to probe employed, thereby rejecting natural abunddiicCe
stabilize K175’s protonated state. Overall then, K17%Kg p  within the protein. Although the latter was tried, sensitivity
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was insufficient even at very high scan number due to our
inability to produce sufficiently concentrated protein. Cer-

tainly, a different buffer system or salt concentration may
permit the production of more concentrated protein. Finally,
the addition of some inhibitor to slow the polymerization of

aziridine may lead to increased modification efficiency.
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