
Biophysical Chemistry 19 (i984) 363-373 
Elsevier 

363 

BPC 00858 

AMINE INVERSION IN PROTEINS 

A 13C-NMR STUDY OF PROTON EXCHANGE AND NITROGEN INVERSION RATES IN 
N’,N’,N=,N=-[ *3C]TETRAMETHYLLYSINE, N’,N’,N=,N=-[ ‘3CJTETRAMETHYLLYSINE 
METHYL ESTER, AND REDUCTIVELY METHYLATED-CONCANAVALIN A 

W.J. GOUX *, Jane TEHERAN1 and A. Dean SHERRY * 

The Deporrmenr of Chemisny. The Uniuersiry of Texas a DrrNas. P.O. Box 688. Richardson. TX 75080, U.S.A. 

Received 16th November 1983 
Accepted 13th December 1983 

Exchange rates were calculated as a function of pH from line widths of methylamine resonances in 13C-NMR spectra of 
N’.N’.N”, NP-[‘3C]tetramethyllysine (TML) and N’. N’.N”.Na-tetramethyllysine methyl ester (TMLME). The pH depen- 
dence of the dimethyl a-amine exchange rate could be adequately described by assuming base-catalyzed chemical exchange 
between two diastereotopic methyl populations related by nitrogen inversion. Deprotonation of the a-amine was assumed to 
occur by proton transfer to (1) OH-, (2) water, (3) a deprotonated amine or (4) RCO;. Microscopic rate constants 
characterizing each of these transfer processes (k,, k,. k, and k,, respectively) were determined by fitting the rates calculated 
from line width analysis to a steady-state kinetic model. Using this procedure it was determined that for both TML and 
TMLME k, 1-l-10 M-’ s-‘, k, =lO” M-’ s-’ and ki, the rate constant for nitrogen inversion was about lo*-10’ s-l_ 
Upper limits of lOI and lo3 M-’ s-’ could be determined for k, and k,, respectively. A similar kinetic analysis was used to 
explain pH-dependent line-broadening effects observed for the N-terminal dimethylalanyl resonance in 13C-NMR spectra of 
concanavafin A, reductively methylated using 90% [‘3C]formaidehyde. From exchange data below pH 4 it could be determined 
that amine inversion was limited by the proton transfer rate to the solvent, with a rate constant estimated at 20 M-’ s-‘. 
Above pH 4, exchange was limited by proton transfer to other titrating groups in the protein structure. Based upon their 
proximity, the carboxylate side chains of Asp-2 and Asp-218 appear to be likely candidates. The apparent first-order 
microscopic rate constant characterizing proton transfer to these groups was estimated to be about 1 x lo4 s-‘. Rate constants 
characterizing nitrogen inversion (ki), proton transfer to OH- (k,) and proton transfer to the solvent (k,) were estimated to 
be of the same order of magnitude as those determined for the model compounds. On the basis of our results, it is proposed 
that chemical exchange processes associated with base-catalyzed nitrogen inversion may contribute to ‘sN or “C spin-lattice 
relaxation times in reductively methylated peptides or proteins. 

1. Introduction 

Recently a new method for studying the en- 
vironments of NH,-terminal and lysyl r-amino 
groups of proteins has been developed which 
utilizes 13C-NMR of proteins reductively methyl- 
ated with [‘3C]formaldehyde and NaCNBH, [l-3]. 
The method has been shown to be of particular 
value for studying specific ion-pair interactions 

l To whom correspondence should be addressed. 

involving lysine side chains in hen egg lysozyme [4] 
and ribonuclease A [3,5]. We have recently applied 
the same reductive methylation procedure to con- 
canavalin A (Con A), a plant lectin which, in its 
isolated form, relies upon the presence of bound 
Mn” and Ca” for its affinity for saccharides [6]. 
During the course of our study on the pH behavior 
of chemically modified groups in the protein, we 
noticed anomalous broadening of resonances in 
spectra acquired below pH 7. This effect was 
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particularly evident in the case of the N-terminal 
dimethylalanyl resonance, where at pH 3, this 
resonance had broadened to the extent of becom- 
ing nearly nondetectable. Analogous broadening 
has also been observed in the case of the dimethyl- 
lysine resonances in 13C-NMR spectra of lyso- 
zyme, where it was attributed to chemical shift 
nonequivalence of the diastereotopic methyl groups 

[51. 
Historically, NMR techniques have been used 

to study the interconversion of nitrogen-contain- 
ing alkyl cyclic and acyclic diastereomers at low 
temperatures and in aprotic solvents [7-141 in 
order to slow the exchange rates and minimize the 
contribution proton exchange makes to the life- 
time of the exchanging species. Saunders and 
Yamada [15] were instrumental in demonstrating 
that nitrogen inversion in substituted benzyl 
amines could be studied in aqueous media under 
strongly acidic conditions, where base-catalyzed 
inversion was sufficiently slow so as to make char- 
acterization of the exchange processes feasible 
using NMR techniques_ Since that time, it has 
been shown that nitrogen inversion and corre- 
sponding proton-exchange processes of aikyl 
amines in water can be determined by fitting 
pH-dependent NMR exchange data to a variety of 
kinetic models [16-211. 

In order to characterize more fully the rate 
processes leading to the anomalous broadening 
effects observed for the dimethylamine resonances 
in our lZC-NMR spectra of Con A, we have 
chosen to undertake first a study of two model 
compounds N’, N’, N”. N”-[ ‘3C]tetramethyllysine 
(1 ML) and its corresponding methyl ester 
(TMLME). These compounds offer the advantages 
of resembling modified protein structures, while 
having a limited number of deprotonation path- 
ways, hence limiting the scope of any kinetic mod- 
els posed. We show that the broadening of reso- 
nances observed in these compounds leads to a 
description of exchange processes which can be 
adequately modeled only by assuming inversion 
rates of the nonprotonated amine nitrogen of the 
order of IO’-10’ s-‘. We estimate that nitrogen 
inversion may be of importance in studies of the 
structure and dynamics of lysine residues of native 
or chemically modified proteins by “N- or 13C- 
NMR. 

2. Experimental 

2.1. Materials and methods 

[‘3C]Paraformaldehyde, enriched to 90% abun- 
dance, was purchased from Cambridge Isotopes 
(Cambridge, MA). Conversion to the monomeric 
form was accomplished by heating a 10% aqueous 
suspension of the polymer to llO°C for 12 h in a 
sealed glass vial. All other chemicals were of rea- 
gent grade and were used without further purifica- 
tion. Con A was purified from jackbean meal by 
the affinity chromatography method as described 
by Agrawal and Goldstein [22], then purified of its 
fragmented subunits 2s described by Cunningham 
et al. [23]. 

Con A was reductively methylated according to 
the procedure of Jentoft and Dearborn [l] as 
described by Sherry and Teherani [6]. Purity of the 
protein preparation was checked by gel electro- 
phoresis in the presence of 1% SDS. 

Lysine and lysine methyl ester were reductively 
methylated by first preparing a 10 mM solution of 
these compounds containing 50 mM [‘3C]for- 
maldehyde, adjusted to pH 7 (10 ml total volume). 
Solid NaCNBH, was then added to a final con- 
centration of 80 mM. Previous analytical studies 
have shown that under these experimental condi- 
tions. both amino groups will be completely di- 
methylated [6]. For solutions containing lysine, the 
reaction mixture was allowed to stand at room 
temperature overnight without further pH adjust- 
ments. For solutions containing lysine methyl es- 
ter. the pH of the reaction mixture was kept 
between 7 and 7.5 for 4 h by periodic addition of 
0.1 M HCI. Following the reaction period, each of 
the reaction mixtures was adjusted to pH 2 using 1 
M HCl and evaporated to dryness under reduced 
pressure. The pK, values of the l -dimethyl amino 
and a-dimethyl amino groups of these compounds 
were determined in water by potentiometric titra- 
tion. 

-1.2. NMR spectra 

Fourier-transformed 13C-NMR spectra were 
acquired at 50.1 MHz (46.9 kG) on a JEOL FX-200 
using broad-band proton decoupling. The samples 
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were maintained at a probe temperature of 25°C 
using a flow of dry- air. Spectra of the lysine 
derivatives were acquired using IO-mm NMR sam- 
ple tubes with a coaxial insert containing methanol 
in ‘H,O for the dual purpose of having an exter- 
nal reference and a field lock. pH titration of 
samples was carried out in the NMR tube using 
i-5 M HCI or NaOH. Chemical shifts were mea- 
sured digitally and are reported downfield of tetra- 
methylsilane using methanol as an external refer- 
ence standard in the case of the model compounds 
or as an internal reference standard (at 49.4 ppm) 
in the case of modified protein samples. 

2.3. Computations 

Exchange rates for TML and TMLME were 
determined by reading digitized NMR spectra into 
an iterative version of DNMR3, a computer pro- 
gram written for the calculation of complex ex- 
change-broadened NMR spectra [24] (DNMR3IT, 
was obtained through Quantum Chemistry Pro- 
gram Exchange, Indiana University, Bloomington, 
IN). Populations of each of the two exchanging 
methyl groups were held fixed at mole fractions of 
0.50, in agreement with measured peak intensities 
in spectra acquired at low pH. The chemical shifts 
of resonances arising from the two nonexchanging 
populations were estimated from the spectra at pH 
2. Line widths in the absence of exchange were 
estimated from the exchange averaged resonance 
at high pH. Values obtained using this procedure 
(line widths of 2 Hz at limiting chemical shifts of 
40.4 and 43.5 ppm) were treated as fixed parame- 
ters in the fitting routine. 

Microscopic rate constants were obtained by 
fitting the pH dependence of NMR exchange rates 
to the kinetic model proposed by Delpuech et al. 
[18-201, using the multivariable nonlinear least- 
squares computer fitting subroutine ZXSSQ in the 
IMSL statistical package (International Mathe- 
matical and Statistical Libraries, Houston, TX). In 
all cases, the variation of initial parameters was 
observed to have negligible effect upon the final 
solution. As a check to the validity of the fit, 
calculated curves based on the output parameters 
were dispiayed graphically along with the experi- 
mental points on the high-resolution graphics 

screen of an IBM Personal Computer. This proce- 
dure also allowed for real time interactive manipu- 
lation of parameters and was used to generate 
some of the calculated curves shown in the text. 

All calculations involving multivariate fits were 
carried out on an IBM 4341 at the University of 
Texas Regional Computer Center. 

3. Results and discussion 

3.1. Kinetic analysis 

A number of kinetic models have been previ- 
ously formulated in order to account for the pH 
dependence of exchange rates measured from 
NMR experiments on amine systems capable of 
both proton exchange and amine inversion [15-171. 
Of these, the model recently proposed by De- 
lpuech et al. [18-201 appears to be capable of 
explaining experimental results over a wide varia- 
tion in pH range, in both protic and aprotic 
solvents. The kinetic expressions presented in this 
section are special adaptations of the more general 
theory presented by these workers. 

We shall consider the general appearance of 
NMR spectra of an amine in aqueous medium to 
display resonances arising from RN, RNH+, RN* 
and RN*H+_ Here RN and RN* represent the 
two diastereotopic methyl groups related by 
nitrogen inversion and RNH+ and RN*H+, the 
protonated forms of these same amines. Since our 
experiments were performed well below the pK, of 
the amine, it is not unreasonable to assume that 
resonances arising from the deprotonated forms 
will be absent. We may, thus, confine the kinetic 
treatment to the appearance of resonances arising 
only from RNH+ and RN*H+. 

In the absence of proton exchange (and nitro- 
gen inversion), both RNH+ and RN*H+ would 
be expected to give rise to separate well-resolved 
resonances. As the pH of the solution is raised, 
two separate exchange processes change the ap- 
pearance of the observed spectrum_ First, proton 
transfer between the protonated amine and other 
groups in solution results in exchange broadening 
of the resolved methyl resonances (RNH+ and 
RN*H+). Second, the RNH+ and RN*H+ reso- 



nances will continue to broaden with increasing 
pH until nitrogen inversion begins tc interchange 
the two methyl positions resulting in coalescence 
of their resonances [24.25]. The exchange process 
may be written as 

*,a 
RNH’ e RN’H- 

A.n 

with X-,, and LY,,~ the respective kinetic rate con- 
stants. each of which is a function of kinetic rate 
constants for proton exchange and nitrogen inver- 
sion. One can assume that proton exchange pro- 
ceeds through a generalized deprotonation-repro- 
tonation scheme: 

*.I k1F 
RNH + - RN+H+ and RN+H’+ -t RNH’+ 

and similarly. 

J.; A; 
RN-H * a RN’+H’ and RN’+H” - RN-H” 

with the inversion of the nonprotonated amine 
given by: 

By applying steady-state rate equations to the 
three-step kinetic scheme involving conversion 
from RNH’ to RN*H+ and vice versa, it can be 
shown [20] that 

ks,, = k,k,,k;/D (IA) 

k,, = k;k,k,/D (1B) 

where D = k,k, + li,k~ + kpk,,. 
We have considered the following specific 

mechanisms for deprotonation of the tertiary 
amines of tetramethyllysine and its methyl ester in 
aqueous solvent: 

RN!! - +OH- 2 H,O+RN VA) 
k., 

RNH’ +H,O 2 H,O’ +RN (2B) 
k.: 

RNH’ +RN 2 RNtRNH’ PC) 
A, 

RNH’ +RCO; 2 RN+RCO,H (ZD) 
* -4 

where eq. 2C represents intermolecular proton 
transfer between cr-amines and eq. 2D proton 
transfer (inter- or ;ntramolecular) which occurs 
only for the free acid (k, = k _ _, = 0 for TMLME). 
Loewenstein and Meiboom 1261 have shown that 
proton transfers between amines (as depicted in 
eq. 2C) occur through in interstitial water mole- 
cule. Cne might similarly imagine water to mediate 
the transfer from a protonated amine to a free 
carboxylate anion (eq. 2D). However, since we 
have not carried out the proper ‘H-NMR experi- 
ments to confirm such a mechanism for lysine 
derivatives in aqueous solvent, we have simply 
assumed the direct transfer mechanism. If these 
proton transfers do, in fact, involve an interstitial 
solvent molecule. then the rate constants k,. k, 
and A-_, must be rewritten in terms of rates of 
proton transfer tc, and from the solvent. 

Considering the above deprotonation schemes, 
we find 

x-, =k,[oH- ]+~,[H,o]+~,[RN]+~,[RCO;I (3‘4) 

k,=k_,[H,0]+k_2[H+]+k,[RNH+]+R_,[RC0,H] 

(3B) 

Since most work was carried out one to two pH 
units below the pK, of the titrating tertiary amine 
group of interest, we shall assume [RNH+] = C,, 
the total concentration of the lysine derivative in 
solution_ Substituting for K,, the ionization con- 
stant of water and for K,, and Kaz, the acid 
dissociation constants for the carboxylate and 
amine groups, respectively, 

k,K, X-&K,, k,=-+X-,[H,o]+++ (Kn,+lH_lj 
[H’l 

(4A) 

k .G[H+] k,=k_,[H,0]+k_2[H+]+k,C,+- 
(n=, + [H’ ]) 

(4B) 

At equilibrium. the second-order rate constants 
li _ , . k-z and k_, must be subject to the condi- 
tions of microscopic reversibility, so that 

k I= [RNI[HA’l 
k-, [RNH+ ][OH- ] 

= +[H20] 
w 

Ii, -= [Ko+ IWJI 
k-2 [RX-I+ ][HzO] = & 

(5A) 

(5B) 

k, -= [RN][RCO,Hl _ K,, 
k-4 [RNH+][RCO;] - Kal (5C) 
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If there are equal populations of RNH-+ and 
RN*H+ in solution, then k, = kb, k, = k; and 
k, = k, = ki in eq. 1. This leads to the result that 
the overall rate of exchange between the two popu- 
lations, as measured by NMR, is given by 

2k,k. 
k,=L 

Zk, -t-k, 

3.2. Experimental data for model compounds 

Fig. 1 shows the proton-decoupled 13C-NMR 
spectra of TML in water. The two resonances at 
43.1 and 41.9 ppm in the spectrum at pH 10 (fig. 
1A) can be assigned to methyl groups on the e- 
and a-nitrogens, respectively, on the basis of 
chemical shifts taiten from the literature for 
NC, N’-dimethyllysines and N”, N”-dimethylamines 
in various peptides and proteins [l-5]. As the pH 
is lowered, the a-dimethylamine resonance (at 41.9 
ppm, pH 10) splits into separate, well resolved 
resonances of equal intensity with limiting chemi- 
cal shifts of 40.4 and 43.5 ppm at pH 2. These can 
be assigned to the methyl groups on each of the 
two diastereotopic positions on the a-amine re- 
lated to one another by nitrogen inversion. The 
c-dimethylaxrine resonance also splits into two 
peaks as the pH is lowered but the chemical shifts 
of the two diastereotopic c-methyl groups are too 
similar to allow complete resolution of these two 
resonances at pH 2. 

Fig. 2 shows the observed chemical shifts of the 
diastereotopic N”- and N’-methyl carbons of TML 
and TMLME as a function of pH. These shifts 
indirectly reflect the pH at which the diastereo- 
topic carbons pass from the fast-exchange regime 
on the NMR time scale into the slow-exchange 
regime. Within the limits of resolution attainable, 
the pH-dependent behavior of the NC-methyl 
carbon resonances of TML is identical to that of 
N’-methyl resonances in TMLME. In contrast, the 
pH-dependent chemical shift behavior of the N”- 
methyl resonances of TML is strikingly different 
from that of N”-methyl resonances of TMLME. 
Hence, although the experimentally determined 
pK, for the a-amino group of TMLME is only one 
unit below the corresponding pK, for TML (see 
below) the pH value at wItich the diastereotopic 

A. 
I 

-_L 
pH IO 

PH 6 

C. PH 2 

PPm 
Fig. 1. Proton-decoupled 13C-NMR spectra of bO mM TML in 
H,O under pH conditions shown in each portion of the figure. 

N”-methyl carbons of TMLME pass from the fast- 
to the slow-exchange regime lies about 4.5 nH 
units below the corresponding exchange transition 
of TML. 

Using computer simulation techniques, the line 
widths of the ‘3C-methyl resonances of our model 
compounds could be analyzed to yield lifetimes 
for the exchange of the diastereotopic methyl 
groups (ref. 24; and use of DNMR3IT, program). 
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This was most easily accomplished for the a-amino 
substituted methyl resonances. where separate res- 
onances for each of the two methyl populations 
=ere fully resolved. A hi&r pH limit was attained 

for those spectra. yielding reliable rate data when 
the line width contribution due to exchange was 
less than the contribution to the line width arising 
from transverse relaxation and magnetic field in- 
homogeneity (about 2 Hz). The logarithms of the 
exchange rates obtained from line width analysis 
of the a-dimethylamine resonances in spectra of 
TML and TMLME ester are shown as calculated 
points as a function of pH in fig. 3. 

Lines drawn closest through the points in fig. 3 
represent best fits to the data calculated by simul- 

taneous variation of microscopic rate constants k,, 
k,, k, and k,. Because calculated fits were insensi- 
tive to variations in k, up to 10” M-’ s-‘, a value 

of 10’ M-’ has been assumed in all calculations. 
This value is Iess than the upper limit for k, of 

0 2 4 6 0 IO 

PH 

011111111111 
0 2 4 6 8 IO 

PH 
Fig. 2. The pH dependence of the 13C chemical shifts of Fig. 3. pH dependence of rate data (shown as points) obtained 
resonances arising from the N”-amine methyl groups of TML by fitting line widths of the a-dimethylamine resonances in 
(0) and TMLME (0) and the N’-amine methyl groups of TML 13C-NMR spectra of (A) TML and (B) TMLME Curves 
and TMLME (II). Lines drawn between experimental points drawn through experimental points represent best fits to the 
were extrapolated from experimental data. The concentraion kinetic data. Forward rate constants obtained from the fit are 
of both compounds was 60 mM. shown in each of the figures. 

IO- TML BEST FIT KINETIC PARAMETERS 

k, = 1.0 X 10’ tvl-‘S-’ A 

a- 
k2 = I .2 M-' s-’ 
k3 = 3.0 x IO6 M-Is-! 

k = 5 IO3 M-’ s-’ 
4 

ki = I .9 x IO3 s-’ 

- 6- 

J 

0” - 4- 0 / 

/ 

PH 

IO BEST FIT KINETIC PARAMETERS 

k, = 1.0x IO3 M-‘s-l B 

8 
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10” M-’ s-’ as determined by Loewenstein and 
Meiboom [26]. Reverse rate constants. k_ ,, k_z 
and k-,, were related to forward rate constants, 
k,, k, and k, by means of relationships involving 
appropriate acid dissociation constants (eqs. 
SA-C). pK, values for the a-amino groups of the 
lysine derivative and its methyl ester were de- 
termined by potentiometric titration to be 8.5 and 
7.5, respectively. The pK, of the carboxyl group of 
TML was assumed identical to the pK, of the 
underivatized amino acid (pK, = 2.18) [27]. 

In general, each of the best-fit curves in fig. 3 
have two linear regions, one below pH 2 and the 
other above pH 4, and a plateau region, extending 
from pH 2.5 to 4. Consider first the region below 
pH 2, where k, > k,. Referring to eqs. 4A and 4B, 
it may be seen that in this region k, is limited by 
k_,[H*] while k, appears to be limited by 
k,[H,O]. Combining these two conditions along 
with eq. 6 leads to the limiting law first proposed 
by Saunders and Yamada [15]. k, = l/7. = 
2kiK,,/[H+]]. Extrapolation of G log-log plot of 
this equation to obtain a y-inrLrcept yields a value 
for ki, given a known acid dissociation constant. 
In the pH region above pH 2, 2ki > k, and k, = 
k,. The proton dissociation rr.te constant, k,, is 
limited by the rate term k,[H,O] below pH 4 and 
by the rate term k3K,,C,J[H+] in the limit of high 
pH. Such behavior gives rise to the plateau region 
between pH 2 and 4 and the linear region above 
pH 4. The y-intercept obtained from extrapolation 
of the plateau region and the linear region above 
FH 4 should yield values for k, and k,, respec- 
tively. 

Despite similarities in the general pH-depen- 
dent behavior of log(k,) for TML and TMLME, 
there are marked differences. For example, fig. 3A 
shows that log(k,) for the a-dimethylamine reso- 
nance of TML decreased from a value near 4.0 at 
pH 7 to a value near 2.0 at pH 5. thereafter 
remaining essentially unchanged down to pH 1. 
On the other hand, analogous log(k,) values de- 
termined for the methyl ester of this compound 
decrease rather slowly from an upper limit of 3.75 
at pH 6 into a pseudoplateau region between pH 5 
and 2, thereafter decreasing quite readily as a 
function of pH below pH 1.5. 

Rate constants der.ermined by fitting the pH 

dependence of k, for either of the two model 
compounds are listed at the upper left of the plots 
in fig. 3. Considering the markedly different types 
of pH-dependent behavior of log(k,) observed 
when comparing the data for TML to those of 
TMLME, the agreement in rate constants de- 
termined from fits to either of the two data sets is 
really quite good. For example, k, determined 
from fits of the rate data for TML is 1.2 M-’ s-’ 
compared to 9.5 M-’ s-’ determined from analo- 
gous rate data for TMLME. The rate constant for 
proton exchange between amine groups. k,, is 
predicted to be about 3 x lo6 M-’ s-l for both 
model compounds_ The rate constant showing the 
greatest disparity between the two compounds is 
ki, the amine inversion rate constant. 

Rate constants dezermined from the fitting 
routine based on the kinetic model used in this 
study are also in rcasouable agreement with those 
determined by other workers for tertiary amines in 
water. Values previously obtained for k,, the pro- 
ton transfer rate constant to water, range from 
0.06 M-r s-i for trimethylammonium [26] to 500 
M-’ s-’ for N-benzyl-N-methylethanolamine [16]. 
The latter value has been reinterpreted by Del- 
puech and Bianchin [21J to be of the order of 50 
M-’ s--l, based on their steady-state kinetic model. 
In any case, our value for k, of about l-10 M-’ 
s-’ falls well within this range. Rate constants 
previously determined for proton transfer between 
amines in water range from about 6 x 10” M-’ 
s-’ for N,N’-dimethylpiperazine to about 6 X 10’ 
M-’ s-’ fcr trimethylammonium [16,17,21]. Ad- 
mittedly, our value for k, (3 x lo6 M-’ s-‘) lies 
on the lower limit of this range. It is quite likely 
that this disparity could result from the difficulty 
inherent in fitting line widths in our spectra at 
high pH, where the exchange contribution to the 
line width is relatively small. Values obtained from 
the rate data of both model compounds for ki are 
in reasonable agreement with nitrogen inversion 
rates predicted theoretically [ll] and determined 
experimentally [15-181. 

Most noteworthy regarding the entire kinetic 
analysis of rate data for the two model compounds 
is that it appears to be possible to explain the 
different pH dependence of log(k,) almost en- 
tirely by the difference in amine acid dissociation 



constants. Hence. additional mechanisms such as 
the proton transfer to a carboxylate group (eq. 
2D) need not be included in the case of TML in 
order to explain the pH-dependent rate data. In 
fact, introducing k, in place of k, as a limit to k, 
results in a fit to experimental data having a 
least-squares residual lOO-times that of the best fit. 
Using our value for k2 of 1.2 M-’ s-’ and the 
condition that X-, > k,[H,O]/C, to affect signifi- 
cantly the appearance of the calculated results, we 
estimated that X-, would need to be greater than 
10” M-’ s-l_ 

Fig. 4 shows the proton-decoupled “C-NMR of 
native Con A following reductive methylation with 

pH 5.6 

pH 4-C 

45 ~3Wr-l 4 b 
Fig. 4. Proton-decoupled ‘jC-NhlR spectra of reductively 
mcthylared Con A at several pH values. The total protein 
mwwmrr concentration was 0.8 mM. 

[‘3C]forma1dehyde and NaCNBH,. Under the 
conditions used in the reaction, reductive methyla- 
tion with NaCNBH, has been shown to be specific 
for N-terminal a-amino and lysyl c-amino groups 
[l]. On the basis of their pH titration behavior in 
the native and denatured forms of the protein, the 
envelope of resonances at 43.1 ppm and the single 
resonance at 41.8 ppm may be assigned, respec- 
tively, to 11 of the 12 dimethyllysine residues and 
the single N-terminal dimethylalanine residue in 
Con A [6]. The two additional resonances ob- 
served at 40.9 and 44.1 ppm in the spectra of the 
protein at pH 5.6 have tentatively been assigned to 
the two e-methyl groups of Lys-101. Magnetic 
nonequivalence of these two resonances is thought 
to result from the formation of a salt bridge be- 
tween Lys-101 and Asp-203, so as to place the two 
methyl groups in significantly different magnetic 
environments. With decreasing pH, these two reso- 
nances sharpen and titrate into the envelope of 
dimethyllysine resonances with a single pK, near 
to that expected of a titrating carboxyl side chain 
(pK, = 3.25). This behavior is characteristic of that 
expected for increasingly rapid exchange between 

magnetically nonequivalent sites [29] brought 

about by protonation of the carboxylate side chain 
and hence. a gradual weakening of the proposed 
salt bridge. 

Changes in pH are also seen to affect the line 
width of the N-termina! dimethylamine resonance 
at 41.8 ppm and the resolution of dimethyllysine 
resonances comprising the envelope at 43.1 ppm. 
The enhanced resolution observable in the dimeth- 
yllysine envelope at pH 4 is probably a result of 
shifts in some of the dimethyllysyl resonances due 
to the titration of side chain carboxyl groups lying 
near to lysine side chains in the protein structure. 
The resolution is lost at pH 3, owing to the mag- 
netic equivalence of many of these titrating groups, 
and again at pH 5.6. as a result of line broadening. 
Above pH 5.6, these resonances again sharpen so 
as to make possible their assignment to specific 
lysyl groups in the protein sequence [6]. The line- 
broadening effects observed for these resonances 
at intermediate pH values are most likely due to 
proton exchange between the lysyl r-amino groups 
and other nearby titrating side chains in the pro- 
tein. 
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As the pH is lowered from 5.6 to 3.0, the 
N-terminal dimethylalanine resonance is observed 
to broaden in a manner similar to the broadening 
observed for corresponding resonances in the spec- 
tra of the model compounds. Line widths of this 
resonance measured at half-height (AW,,z) and 
corresponding pH values zre presented in columns 
1 and 2 of table 1. At pH 5.0 and above. contribu- 
tions to the line width are seen to arise only from 
instrumental inhomogeneity and transverse relaxa- 
tion Below pH 2.0, additional exchange contribu- 
tions broaden the resonance. 

The lifetimes of each of the protonated di- 
astereotopic methyl populations (Q and ~a) can 
be estimated from the observed line widths of the 
N-terminal dimethylamine resonance using the re- 
lationship valid in the near-fast-exchange regime 
[29]: 

srA W,,, = _!f& =,, +~+N,‘N~(o::--WOB)1(~~+78) 
ze 

where Iv, and N, represent the mole fractions of 
each diastereotopic methyl population and ~2, a”,, 
TZA and Tza, the angular frequencies and trans- 
verse relaxation times of the resonances arising 
from each of the two populations in the absence of 
exchange, respectively_ Results of the calculation 
are tabulated in column 3 of table 1, assuming 
l/Q-* = l/Q-a = k,, IV* = IV, = 0.5, l/rT,, = 

1/7iT,, = 6.3 Hz and (a: - a”,) given by the shift 
difference taken from our studies on TMLME 
(v,” - V: = 110 Hz). A plot of log(k,) vs. pH was 

Table 1 

Line wid:hs and calculated rate constants determined from the 
N-terminal ‘3C-methyl amine resonance of reductively methyl- 
ated Con A at various pH values 

Aw,,z is taken from the line width measured digitally at 
haif-height and h=r an error of 50.5 Hz. k, was calculated 
from AW,,, assuming near-fast exchange. liF”T is the rate 
constant ..ssociated with proton transfer from the N-terminal 
amine to two carboxylate side chains with assumed pK, values 
of 4.7. 

PH ArY,, (Hz) lo&k,) k:Os (x 10-4) (s-l) 

3.0 22.5 3.08 3.0 
4.0 11.7 3.59 1.2 

4.5 8.8 3.98 1.2 

5.0 6.8 - - 

5.5 6.8 - - 

seen to be linear with unit slope above pH 4.0, a 
condition fulfilled for base-catalyzed nitrogen in- 
version either in the limit of high pH where k, = 
k,, or in the limit of low pH where k, = 2kik,/ 
[H+]. The log(k,) value at pH 3 was seen to lie 
0.35 log units above the extrapolated linear por- 
tion of the plot, inferring a transition into a plateau 
region and supporting the former of the two limit- 
ing conditions. 

A number of possibilities exist for the acceptor 
of the proton transferred from the N-terminal 
amino group. On the basis of proton transfer 
mechanisms dominant in the model compounds 
between pH 2 and 4, it seems reasonable that the 
proton from the N-terminal amine of the protein is 
transferred to a surrounding solvent molecule. As- 
suming that such a transfer is much faster than 
transfer to other nearby groups in the protein 
yields a value for kyz”, where k, = k, = 
Ic”~~[H~O]_ Such an assumption would be valid 
ohly below pH 4.0, where a plot of log( k N ) vs. pH 
falls into a plateau region (see fig. 3). Taking the 
value of k, obtained from the data at pH 3 yields 
a value for k,“l” of about 20 M-’ s-‘, a value 
which compares quite favorably with kz de- 
termined for the model compounds (l-10 M-’ 
s-‘). The pH dependence of the observed ex- 
change rate above pH 4.0 infers that these rates 
must be limited by proton transfer to other nearby 
ionizable groups. Reference to the three-dimen- 
sional crystal structure of native Con A shows that 
Asp-2 and Asp-218 have their carboxyl side chains 
positioned 5.5 and 5.8 A, respectively, from the 
N-terminal, making them likely proton acceptors 
below their intrinsic pK, values [30]. Inferring 
from titration data of carboxyl side chains in other 
proteins [31], the pK, values of these groups can 
be estimated to be about 4.7, roughly the same pH 
at which broadening of the N-terminal dimethyl- 
amine resonance becomes evident in our spectra of 
Con A. Assuming proton transfer to these nearby 
aspartic acid side chains, an estimate of the proton 
transfer rate constant, kF”y is possible using the 
limiting expression, k, = k, = 2k,C”‘KJ( ic, + 
[H+]). Results of the calculation are presented in 
column 4 of table 1 for pH values below 4.7, the 
intrinsic pK, assumed for both aspartic acid side 
chains. 



Because of the problems inherent in obtaining 
rate data from spectra of Con A acqrtired below 
pH 3. estimations of rate constants for the depro- 
tonation of N-terminal amine by the solvent (X-z) 
and for amine inversion ( ki) are, at best, of limited 
value. However. if one assumes that the value of 
k, obtained from the data at pH 3 is indeed 
limited by kl”o[H,O], the point at which k, be- 
comes determined by ki must lie below pH 3. This 
implies a low*er limit for ki of about 10’ s-l_ 

4. Concluding remarks 

The pH dependence of the line broadening of 
a-dimethylamine resonances in 13C-NMR spectra 
of TML and TMLME can be satisfactorily ex- 
plained assuming a steady-stat< kinetic model for 
base-catalyzed nitrogen inversion_ Differences be- 
tween these two model compounds in terms of 
their pH-dependent exchange behavior can be ade- 
quately explained by differences in acid dissoci- 
ation constants of their respective a-amino groups. 
Under limiting conditions of high or low pH, the 
observed exchange behavior was used to determine 
rate constants for proton transfer to a correspond- 
ing unprotonated amine ( k3) or the rate constant 
for amine inversion ( ki). At intermediate pH val- 
ues the exchange between methyl populations was 
found to be limited by amine deprotonation by the 
solvent (X-?)_ From our studies on TML. it appears 
that deprotonation of the a-amino group by trans- 
fer to the titrating carboxyl group is a relatively 
unimportant proton-exchange mechanism. An up- 
per limit for the rate constant associated with this 
mechanism was estimated to be about lo3 M-t 
s- ‘, compared to 10” M-’ s-’ for X-, and l-10 
M-’ s-’ for X- I’ The same kinetic analysis could 
not be done on the e-dimethylamine data because 
the methyl groups on the c-amine do not have 
significan:ly different chemical shifts. However. 
these resonances appeared, qualitatively. to show 
pH-dependent broadening effects similar to those 
observed for the a-dimethylamine resonances. 

The pH-dependence of the resolved N-terminal 
dimethylalanyl resonance in methylated Con A 
was analyzed in terms of the same kinetic model 

which was used to account for broadening of the 
iV’-amine methyl resonances in the model com- 
pounds_ Below pH 4.0, broadening of this reso- 
nance could be explained in terms of base-cata- 
lyzed nitrogen inversion, where the proton of the 
N-terminal methyl amine was transferred to the 
solvent. Above pH 4.0, the data are consistent 
with a kinetic model in which proton transfer 
occurs to two nearby carboxylate groups in the 
protein (Asp-2 and Asp-218). There is no obvious 
reason as to why this transfer mechanism might be 
dominant in the protein and relatively insignifi- 
cant for the model compound, TML. It is possible, 
however, that the carboxylate side chains are so 
positioned in the protein as to make proton trans- 
fer through an interstitial water molecule an effec- 
tive amine deprotonation mechanism. 

A final comment is in order regarding a 15N 
spin-lattice relaxation contribution arising from 
exchange between two diastereotopic populations 
via a protonation-reprotonation scheme. We have 
estimated nitrogen inversion rates to be approx. 
lo’-lo9 s-’ for the a-amine in our model com- 
pounds and greater than lo7 s-’ for the N-termi- 
nal amino group of Con A. These first-order rates 
are of the same order of magnitude as the N15 
Larmour frequency at commonly used magnetic 
field strengths, and would be expected to contrib- 
ute to the “N spin-lattice relaxation time (Tt )_ 
Such an exchange contribution to the 15N T, val- 
ues has recently been verified for the 15N-terminal 
amine of a tetrapeptide [32]. Studies are presently 
underway in order to assess the exchange contri- 
bution to the T, values of ‘3C-methyl resonances 
of reductively methylated Con A. 
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