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A new reagent, phthalyl-4-isothiocyanate, reacts specifically at the N-terminus of a peptide or
protein with the production of a phthalic acid 4-thiocarbamyl derivative. The adjacent carboxyl
groups of the phthalyl group serve as a strong binding site for lanthanides at pH 5 with a stability
constant for praseodymium about 220 times that of a single carboxyl group.

Reaction of phthalyl-4-isothiocyanate with a-amino groups of peptides at 25 °C in 2H,O at pH
meter readings of 8.7 and 7.2 is complete in 15 min and 24 h respectively, without modification of
histidine or tyrosine side chains. At the lower pH there is no reaction of the e-amino group of lysine.
The phthalic acid 4-thiocarbamyl derivative of ribonuclease A is cyclised and cleaved by the normal
Edman degradation in acid to produce the phthalic acid 4-thiohydantoin of lysine. The a-CH proton
of lysine-1 in ribonuclease A produces a triplet nuclear magnetic resonance that has been assigned
on the basis of its coupling constant, the pH dependence of its chemical shift (pK’ is 7.6) and its

disappearance on reaction of ribonuclease A with phthalyl-4-isothiocyanate.
The reaction of phthalyl-4-isothiocyanate with a protein allows the introduction of a strong
lanthanide binding site specifically at the N-terminus, as a starting point for structural studies using

nuclear magnetic resonance spectroscopy.

It is possible to obtain information about the
structure of a molecule in solution by the use of NMR
spectroscopy, particularly in the presence of bound
paramagnetic species [1—5]. In studies on small
molecules the binding site of the paramagnetic species
is wsually known and the assignment of the NMR
resonances to particular nuclei in the molecule can be
determined without difficulty. However, in complex
macromolecules such as proteins, the correct assign-
ment of resonances can be a very difficult procedure,
as shown by the fact that it has taken seven years to
obtain the correct assignment for two of the four C-2
histidine resonances of RNase-A [6—11]. Further-
more, locating the position of the binding site(s) for
paramagnetic species (usually ions) in proteins is even
more difficult (except in those cases where the ion is
bound at a known metal ion site in the molecule) and
has only been solved satisfactorily by X-ray structure

Abbreviations. NMR, nuclear magnetic resonance; !H NMR,
proton magnetic resonance; RNase-A, bovine pancreatic ribo-
nuclease A; PhtNCS, phthalyl-4-isothiocyanate (structure 1, Fig. 1);
PhtNCS-Lys, phthalic acid 4-thiocarbamyl derivative of lysine
(structure I1I).

Enzyme. Ribonuclease A (EC 3.1.4.22).

analysis of crystals. In a case such as that of lysozyme
[12], where the structure and the binding site for
lanthanides in the crystal is known, the problem is
greatly simplified, since this information can be used
for assignment of resonances [4,13].

In considering the problem of locating the position
of a paramagnetic binding site in a protein of known
sequence but of unknown three-dimensional structure,
it seemed useful to develop chemical methods for the
insertion of strong binding sites at specific locations
in the molecule [2]. This would then solve the location
problem, providing the introduced binding site was
much stronger than any other in the molecule. Because
of the importance of lanthanide ions in the shifting
and broadening of NMR resonances [1,14], it was
decided to introduce a pair of closely spaced carboxyl
groups, which was known from studies with simple
compounds to produce a strong binding site [15].
Unsuccessful attempts were made to introduce two
carboxyl groups on methionine side chains [16], and
also at the N-terminus. Success was achieved with
phthalylisothiocyanate, that reacts specifically at the
N-terminus and introduces adjacent carboxyl groups
on an aromatic ring. While this work was in progress,
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Marinetti et al. [17,18)] have shown that tyrosine side
chains may be nitrated to form a useful binding site
for lanthanides.

MATERIALS AND METHODS
Materials

All peptides used in this work were obtained from
the Fox Chemical Co., and their purity was checked
routinely by examination of 'H NMR spectra.
Praseodymium nitrate (Koch Light) was used without
further purification. RNase-A was purchased from
Worthington Biochemical Corp., and also from the
Sigma Chemical Co. (type II-A). 2H,0 (>99.7 %) was
obtained from the Australian Atomic Energy Com-
mission.

Preparation of Phthalyl-4-isothiocyanate

Initially an attempt was made to prepare 3-iso-
thiocyanato-phthalic acid from 3-amino-phthalic acid.
However, it was not possible to isolate the isothio-
cyanate because it cyclised with the adjacent carboxy!
group. The 4-isothiocyanato-phthalic acid (phthalyl-
isothiocyanate, PhtNCS) was then prepared in four
stages. The first two steps involved the esterification
of 4-nitro-phthalic acid to dimethyl 4-nitro-phthalate
followed by its reduction to dimethyl 4-amino-
phthalate [19]. The ester groups were next removed
to produce 4-amino-phthalic acid [20]. In the final
step, 2 g (11 mmol) of 4-amino-phthalic acid was dis-
solved in water and 22 mmol of thiophosgene (Fluka)
added over a period of 30 min with stirring at room
temperature [21]. The mixture was stirred for another
30 min and the precipitate formed was filtered off.
Yield of PhtNCS (I) about 1.4 g, m.p. 166—168 °C.
The crude light-yellow-coloured material was purified
by boiling in ether with activated charcoal. The
material (m.p. 167—168 °C) was soluble in ether,
tetrahydrofuran, dioxan, acetone and pyridine, but
only slightly soluble in water, chloroform and toluene.
Elemental analysis gave the following results: C=
48.39%,, H=2.29%, N=649%, S=14.3%; calculated
for PhtNCS C=48.4%, H=2.39%, N=6.3%, S=
14.4%;. The analysis of the crude product was also
found to be well within the limits of accuracy of the
analytical procedure. The infrared spectrum showed
the presence of a characteristic isothiocyano absorp-
tion at 2100 cm™! and mass spectrometry gave the
correct parent peak at m/e=223. The 'H NMR spec-
trum of the material in [2H ]acetone is shown in
Fig. 1. The assignment of the resonances is clear from
the coupling of the system. The 8-Hz coupling between
H, and H, is consistent with normal ortho coupling
and the 2-Hz coupling between H, and H,, is normal
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Fig.1. 'H NMR spectrum at 100 MHz of phthalylisothiocyanate (1)
in [2H] acetone

for meta coupling. The para coupling between H, and
H,_ is 0.5 Hz [22].

Nuclear Magnetic Resonance Spectroscopy

For 'H NMR spectra at 100 MHz a Jeol MH-100
instrument was used with an ambient probe tempera-
ture of 26 °C. Chemical shifts were referenced to
external tetramethylsilane by using a capillary of
tetramethylsilane in carbon tetrachloride. 'H NMR
spectra at 270 MHz were obtained using a 270-MHz
Britkker NMR spectrometer fitted with an Oxford
Instruments magnet with a probe temperature of
20 °C and located at the National NMR Centre in
Canberra. Chemical shifts were measured in 2H,0
solutions from the H2HO resonance, which occurs
4.83 ppm downfield from internal sodium 2,2-dime-
thyl-2-silapentane-5-sulphonate. Difference spectros-
copy was carried out as described previously [7,23].
The pH was measured using a Beckman research pH
meter fitted with pH 0 — 14 microelectrodes and adjust-
ments of pH made with 2HCI (St6hler) and KO2H.
Values quoted for pH are meter readings uncorrected
for deuterium isotope effects.

Determination of Dissociation Constants

Determinations of the apparent dissociation con-
stants K’ of the carboxyl groups were made from a
plot of log [(6, —0)/(6 — )] against pH as described
previously [13,24], where 6, , 05 and § are the observed
chemical shifts in ppm in the acid and basic forms and
at the particular pH of the measurement respectively.
The pK' is the value of the pH at which the log term
is zero. For the simple Henderson-Hasselbach treat-
ment to be applicable, the equation requires that the
graph be linear with a gradient of unity.
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Fig.2. Plot of [PhtNCS] vs 1[4, where AJ is the shift of the H,
resonance of PhtNCS, at constant lanthanide concentration ({Pr3*]
=0.095 mM) in 2H,0 at pH meter reading 5.0 and 20 °C

RESULTS

Determination of Stability Constant
of Phthalylisothiocyanate with Lanthanides

Preliminary experiments showed that addition of
small amounts of Pr3* to dilute solutions of PhtNCS
in 2H,0 at pH meter reading 5 caused precipitation.
This difficulty was overcome by use of a dilute solution
of PhtNCS (1.213 mM) containing Pr3* (0.095 mM)
in 2H,0 at pH 5 and the measurement of the TH NMR
spectrum at 270 MHz. To the solution was added
known volumes of 0.095 mM Pr3* and the spectra
measured again at five different PhitNCS concentra-
tions down to 0.303 mM. The PhtNCS spectrum shown
in Fig.1 shifted progressively downfield as [PhtNCS]
decreased at constant [Pr3*]. The shift of the aromatic
protons was H_ >H, > H, which is consistent with
binding of Pr3* at the carboxyl sites.

Applying the treatment of Armitage ef al. [25] to
this system gives the equation

[PhtNCS], = ([Pr3* ] 48,0,/ 46) — ([Pr3* 1 + K5 1)

where the subscript zero refers to total concentrations,
46 and A40,,,, refer to the shifts of the resonances from
their positions in the absence of lanthanide due to
complexing with Pr3*. Ky is the stability constant.
This equation is derived using the assumptions that
Ad<A46,,, and 1/KBg[PhtNCS]0. Hence a graph of
[PhtNCS]0 against 1/448, in an experiment in which
ligand concentration is varied at constant [Pr3+]0,
should give a straight line (see Fig.2).

The plot was fitted by least squares, with a slope
of 2.57x 1072, from which the chemical shift of the
H, proton of PhtNCS when bound to Pr3* was cal-
culated to be 27.1 ppm. The y intercept gives the values
of the stability constant, Kzg=960 M ™! [25]. This is
to be compared with a value of 4.3 M ™! obtained by
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Fig.3. 1H NMR spectra at 100 M Hz of the reaction in 2H,0 at pH
meter reading 8.7 and 25 °C of stoichiometric amounts (about 0.1 M)
of Gly-Gly-Gly and PhtNCS (A) before mixing, separate spectra
of each and (B) 1 min, (C) 2 min, (D) 15 min after mixing. In (A)
the singlet CH, resonances of triglycine are labelled 1, 2 and 3
from the N-terminus as previously assigned {27,28]. HZHO reso-
nance not shown in full; sb=spinning side band

;
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the same method in 2H,O at pH 5 for the binding of
Pr3* to the single carboxyl group of diglycine [26].
Thus the ortho-dicarboxyl group of the aromatic
nucleus is a strong binding site for lanthanides, relative
to the single carboxyl groups available in proteins,
hence it is worthwhile to now consider the reaction of
PhtNCS with peptides and proteins.

Reaction of PhitNCS with Glycine,
Diglycine and Triglycine

The reaction of stoichiometric amounts of PhtNCS
with glycine, Gly-Gly and Gly-Gly-Gly, in 2H,0O was
followed by NMR spectroscopy at pH 8.7 (adjusted
during the reaction by addition of base as necessary).
The results of a typical experiment are shown in
Fig.3. It is noted that the spectrum of PhtNCS in
2H,0 in Fig.3A is similar but not identical to that in
[?HgJacetone (Fig.1), since in the former the down-
field doublet of the H, proton is obscured beneath
the large singlet H, resonance. After mixing the
reagents there is a progressive decrease in resonance 1
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Fig.4. Plot of chemical shift against pH meter reading of the proton
resonances labelled in structure 1l and of resonance 3, Fig.3

(the resonance from the CH,, group at the N-terminus)
and increase in a new peak labelled 4. There is also a
slight downfield shift of peaks 1 and 4 due to a small
decrease in the pH during the reaction. In the down-
field region of the spectrum there is the progressive
appearance of resonances about 2—4 Hz downfield
from those of the original spectrum of PhtNCS. These
changes reflect the gradual disappearance of the
spectrum of the reactants (Fig. 3A) and the appearance
of the spectrum of the product (Fig.3D). The latter
spectrum shows the complete absence of resonance 1
from triglycine and indicates that the reaction is
complete after 15 min. By comparison the hydrolysis
of PhtNCS requires 50 h at pH 8.7 and 40 °C and
thus does not interfere with the reaction with amino
groups. The thiocarbamyl derivative of triglycine,
structure Il (Fig.4) was isolated as a precipitate by
cooling to 4 °C overnight, after acidification to pH 1.5.
The product II gave a satisfactory analysis for C, H, N
and S, on the assumption of an impurity of about 129/
NaCl. The NMR spectrum was identical with that of
Fig. 3D.

The assignments of protons H,, H, and H, in
Fig.4 are based on the coupling constants observed
in a spectrum at pH 2.2 as discussed above for PhtNCS.
The titration of the C-terminal carboxyl group of the
peptide derivative is monitored by the adjacent a-CH,
protons labelled 3 and a normal type of titration curve
results. The titration curves of the three ring protons
are complex because of their proximity to the two
carboxyl groups. It is clear that the chemical shift
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Table 1. Titration data for PhtNCS-Gly-Gly-Gly (structure 11, Fig.4)

Carboxyl group pK’ Proton used Chemical shifts of

in calcula-  resonances
tion
N 2 04— 03
ppm
C-terminal 3.4 -CH,no.3 395 374 0.21
para-Carboxyl 4.6 H, 781  7.54 0.27
4.6 H, 775 157 0.18
meta-Carboxyl 2.9 H, 7.61 737 024

commences to change as the pH falls below 6, but
that whereas H, is complete at about 2.5, H, and H,
continue to move down to pH 1.2. Furthermore H,
and H, show a slight discontinuity at about pH 3.5,
and this fact together with the very broad titration
curve indicates the sequential titration of two carboxyl
groups of appreciably different dissociation constants.
Proton H_ is affected greatly by the titration of the
carboxyl group of higher pK’ and only very slightly
by that of lower pK’. We therefore assign the higher
pK to the carboxyl group adjacent to H_ and located
para to the thiocarbamyl group, hereafter called the
para-carboxyl group. This is consistent with the
resonance donation of electrons by the thiocarbamyl
group to the para position in the ring.

Graphs of log[(d,—9)/(6—065)] against pH for
proton 3 (adjacent to the C-terminal carboxyl group)
and for proton H, give straight lines with gradients of
1.26 and 0.84 respectively. This deviation from unity
is indicative of an interaction between the carboxyl
group and another group, as for example where
proton H, responds not only to the titration of the
para-carboxyl, but also slightly to the titration of the
meta-carboxyl group. This broadens out the titration
curve somewhat at the low end and has the effect of
reducing the gradient below 1.0. The type of interaction
that involves the C-terminal carboxyl group is not
clear. A rgasonable value of the pX’ of the two carboxyl
groups is obtained from these lines (see Table 1). When
the data from protons H, and Hj is plotted in this way
there is clear evidence of interactions since, for example,
the graph of H, is best fitted by two intersecting straight
lines [24]. However, it is possible to split up graph
H, in Fig.4 into two separate titration curves using
the information that the titration curve of higher pK
is centred around pK 4.6. Reasonable values of J,
and 8, can be estimated (see Table 1) and used for the
two straight line plots. Satisfactory graphs were
obtained of unit gradient which give rise to the pK’
values in Table 1. The meta-carboxyl group has a low
pK’ of 2.9 which is identical with the pK for disso-
ciation of phthalic acid in water. However, the pK’
of the para-carboxyl group of 4.6 is somewhat less
than that of pK,, of phthalic acid (5.5).
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Fig.5. LH NMR spectra at 100 MHz in 2H,0 at pH meter reading
8.7 of (A) Gly-L-His, ( B) the product from zhe reaction of Gly-L-His
with PRtNCS, (C) Gly-L-Tyr and (D) the product from the reaction
of Gly-L-Tyr with PhtNCS. Assignments from [29,30]

Reaction of PhitNCS with Dipeptides
Containing Histidine and Tyrosine

The reaction between equimolar amounts of
PhtNCS and glycyl-L-histidine or glycyl-L-tyrosine at
25°C and pH 8.7 or 7.5 is complete in 0.25 h (sce
Fig.5) and 24 h respectively. The reaction with both
dipeptides caused the replacement of the «-CH,, proton
resonance of the glycyl residue by another «-CH,
resonance further downfield, due to the reaction of the
o-amino group of the dipeptide. The two singlet H-2
and H-4 resonances of the histidyl side chain [29]
remain unchanged after reaction and there is no
evidence in Fig. 5B of the occurrence of another pair
of shifted resonances, as might be expected if there
had been reaction on the imidazole ring. The additional
resonances observed in the aromatic region are all due
to the three ring protons of the phthalic acid moiety.
In the glycyl-L-tyrosine spectra (Fig.4C and D) the
reaction with PhtNCS causes a slight (0.04 ppm) up-
field shift of the pair of doublets due to the tyrosyl
side chain. There is no evidence of direct reaction of
the phenolic group with PhtNCS. The corresponding
reactions carried out at pH 7.5 required 24 h to
complete and also showed no evidence of reactions
with the histidyl or tyrosyl side chains. It is concluded
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that these side chains do not react with PhtNCS at
an appreciable rate compared with an a-amino group.

Reaction of PhtNCS with L-Lysine

Lysine monochloride (183 mg, 1 mmol) and PhtNCS
(234 mg, 1.05 mmol) were added to 40 ml H,O at
20 °C. The pH was adjusted to 8.5 with aqueous sodlum
hydroxide and then kept at this value for 21 h using
a pH stat. The pH was adjusted to 6.2 with dilute
hydrochloric acid and the solution was lyophilized.
A creamy solid was obtained which could not be
purified further. The 'H NMR spectrum in 2H,0
indicated that the triplet o-CH resonance of lysme
(6=3.77 ppm) had almost disappeared (less than 209,
left); presumably the «-CH resonance of the a-sub-
stituted molecule III occurs under the ZHHO signal.
A triplet-like resonance at 3.57 ppm is probably due
to the &-CH, signal of molecules substituted at the
¢-NH, group. With this interpretation of the spectrum,
the relative amounts of substitution at the «-NH, and
&-NH, groups is approximately 5:1. This is consistent
with the significant difference between the pK of the
o-NH, and &-NH; groups of lysine, 9.18 and 10.79
respectively [31].

The crude product was heated on a waterbath with
5ml of 1 M HCl for 15 min and evaporated to dryness
to convert compound III to the phthalic acid thiohy-
dantoin derivative of lysine, compound IV. This com-
pound gave a discrete spot on thin-layer chromato-
graphy plates. On cellulose with propan-1-ol/acetic
acid/water (5/2/1) it had Rz=0.42 and on silica gel
(Baker-Flex silica gel IB-F sheets soaked for 30 min in
propan-1-ol/acetic acid then washed with acetone and
air dried) it had R,=0.74 with propan-1-ol/acetic
acid/water (5/2/1) and Rp=0.50 with butan-1-ol/
acetic acid (1/1). Despite these desirable chromato-
graphic properties, it was not possible to purify the
product.

COOH COOH
COOH COOH
NHCSNHCH(CH5)4NH» 0 NYS
COOH X‘NH
(CH2)gNHop

D) ©

Reaction of PhitNCS with L-Lysyl-L-tryptophan

Chemical shifts of the «-CH and &-CH,, resonances

of L-Lys-L-Trp in Fig.6 show, as well as the major
shifts of resonances, second-order perturbations of the
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Fig.6. Plot of chemical shift against pH meter reading of the a-CH
and e-CH, resonances of the Iysyl residue of L-Lys-L-Trp measured
at 25 °C in 2H,0

Table 2. Chemical shift data of Lys-Trp and phthalic acid thio-
carbamyl (PhtNCS) derivatives (structure 1II) measured at pH
meter reading 7.2 in 2H,0

Abbreviations used are m multiplet, t triplet, brt broad triplet, dd
doublet of doublets.

Assignment of  Chemical shifts, 8, of resonances in

resonances

Lys-Trp a-PhtNCS- a,&(PhtNCS),-
Lys-Trp Lys-Trp

ppm
Lys $,3,6-CH, 11-18m  11-19m  11-17m
Lys s-CH2 2,90t 2.85¢t 3.40 brt
Trp CH2 30-35m 30-35m 30-37m
Lys a-CH 3.71 brt 4.6-5.0° 45-51°
Trp CH 4.61 dd 4.59 dd 4.5-5.1*%
Aromatic H 71-7.8m 71-78m 71-78m

*  Obscured by 2ZHHO signal.

titration curves which result from titration of a charged
group that is remote from the proton(s) being observed.
pK’ values for the «-NH, and &-NH, groups are 7.60
and 10.65 respectively.
L-Lysyl-L-tryptophan (22.5 mg, 0.067 mmol) in
0.2 ml 2H,0 at pH 7.2 was added to PhtNCS (14.9 mg,
0.067 mmol) in 0.2 ml 2H,0 at pH 7.2 at 25 °C. The
reaction was monitored by 1H NMR spectroscopy.
After 3 h there had been about 509, substitution of
the «-NH, groups and after 22 h a plateau of 8577
reaction was reached. Another portion of PhtNCS
(30 mg, 0.133 mmol) was added to the reaction mixture
and the pH adjusted to 9.5 with NaO2H. After 30 min
the pH was reduced to 7.2 using 2HC] and the NMR
‘spectrum showed that both the a-NH, and ¢-NH,
groups had been substituted by PhtNCS.

Binding Site for Lanthanides on Proteins

The 'H NMR parameters at pH 7.2 for these three
compounds are given in Table 2. Satisfactory integrals
of the areas under resonances were obtained in all
cases. For a-substitution by PhtNCS the Lys a-CH
signal shifted downfield by 0.9 to 1.3 ppm and for
¢-substitution the Lys ¢-CH, signal shifted by 0.5 ppm.
In the case of the a-CH signal, the resonance shifted
under the 2ZHHO signal and was therefore not observed,
the extent of reaction being monitored by the disap-
pearance of the corresponding signal in Lys-Trp.

A crude sample of PhtNCS-Lys-Trp (10 mg)
prepared by the above procedure using a slight excess
of PhtNCS was warmed in 20 ml of 0.1 M HCI and
evaporated to small volume. (This is the Edman
degradation procedure which would cleave the peptide
and form the thiohydantoin derivative IV.) Thin-layer
chromatography of this reaction mixture as described
above, gave a spot with the same Ry value as for
compound IV prepared from lysine.

LH NMR Study of RNase-A

The 'H NMR spectrum at 270 MHz of RNase-A
was examined in 2H,O as a function of pH and
representative spectra are shown in Fig.7. In order
to follow the movement of the small resonance as a
function of pH, difference spectra were collected [7]
by subtraction of the spectra as indicated on the figure.
These were necessary in order to be able to follow the
resonance, particularly at low pH, where it was
obscured by other large broad resonances. The small,
sharp differences observed at about 3.0 ppm result
from the commencement of the titration of the e-CH,
lysine residues of RNase-A, which are the major
contributors to the large !H NMR peak at 3.0 ppm.
In favourable cases the small resonance was observed
as a triplet as shown in spectrum 1 of Fig.7, in both
the presence and absence of phosphate, which causes
a slight downfield shift of the resonance. The coupling
constant of 6.3 Hz compares favourably with the
coupling constants of the a-CH of lysine and of
L-Lys-L-Trp at pH 5.5—7.5, which were 6.0 Hz and
6.5 Hz respectively.

The chemical shift titration data are plotted in
Fig. 8 and the linear plot given in Fig. 9. The measured
pK’ value of 7.30 is similar to that of 7.60 obtained
for the a-NH, group of rL-Lys-L-Trp (see above).
Further confirmation of the assignment of the re-
sonance in RNase-A to the a-CH proton of lysine-1
comes from the similarity of the chemical shift data
in Fig.8 and of the «-CH of r-Lys-L-Trp (Fig.6).
(84— 0p) is 0.65 ppm and 0.63 ppm for the RNase-A
and the peptide respectively and they both titrate over
a similar range of chemical shifts. The gradient of the
line in Fig. 9 is 0.87 which is lower than the theoretical
value of 1.0. However, since the gradient is very
sensitive to the choice of the numerical values of J,
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Fig.7. \H NMR spectra at 270 MHz of a 3.5 mM RNase-A solution
in 2H,0 at 25 °C and various pH meter readings. The resonance
marked with an arrow, which appears as a triplet only in the spec-
trum 1 (obtained at pH meter reading 8.25 in 0.017 M phosphate)
is assigned to the «-CH proton of the N-terminal residue, lysine-1.
The two spectra at the top are difference spectra at about twice the
gain of the normal spectra

8 {ppm)

5 7 9 1

pH meter reading
Fig.8. Plot of chemical shift against pH meter reading for the titra-
tion of the N-terminal o-CH proton of RNase-A in 2H,0 a1 25 °C.

The smooth line is that obtained from the straight line graph of
Fig.9

and dg, it is quite possible that it could be within
experimental error. The position of the N-terminus
is not well defined in RNase-S [32] and in RNase-A
[33] residue 1 is projecting away from the molecule
into the solution. Thus there is no evidence of inter-
action between it and the remainder of the molecule
and no hydrogen bond is formed that involves lysine-1
[32,33].

509

log[(84-81/(8-8,)]

5 6 7 8 g 10
pH meter reading
Fig.9. Linear plot of log [(0,—~5) |(8—4,)] against pH meter read-

ing for the data points obtained from Fig.8. The straight line of best
fit to the points gives a pK' of 7.30 and a slope of 0.87

Reaction of RNase-A with Pt NCS

To a 4 mM solution of RNase-A in 2H,0 at pH 7.2
was added a solution of PhtNCS in 2H,0 at pH 7.2
to give a 309, molar excess of PhitNCS. The extent of
reaction was estimated from the disappearance of the
aromatic 'H NMR signals of PhtNCS and the ap-
pearance at 270 MHz of the slightly downfield signals
of the reacted PhtNCS (see also Fig.3). There was
509 reaction in 2 h and the reaction was complete in
22 h. Two further reactions were carried out as above
except that the amount of PhtNCS was varied using
(a) 1.1 and (b)1.75 mol of PhtNCS per mol of RNase-A.
In these cases after 24 h the pH was adjusted to 8.3
and NMR spectra run immediately and compared
with the spectrum of RNase-A at pH 8.3 (Fig.7). The
size of the small peak due to the «-CH of lysine-1 was
reduced to 20— 309 of its original size in case (a) and
to zero in (b). Difference spectroscopy at 270 MHz
was used without success to try to find the resonance
due to the a-CH of lysine-1 of PhtNCS-RNase-A. The
resonance probably disappears under the large ZHHO
resonance, since the a-CH of lysine was also shifted
under the 2ZHHO signal by reaction with PhtNCS. No
evidence could be found by difference spectroscopy
for reaction of PhtNCS at any of the ¢-NH, lysine
sites in RNase-A. '

RNase-A (137 mg, 10 pmol) and PhtNCS (3.0 mg,
13 pmol) were mixed in water (3 ml) and sodium
hydroxide solution added to keep the solution at pH
7.2—7.4 for 24 h. A solution of 1 M HCI (5 ml) was
added, the mixture flushed with nitrogen and heated
at 80 °C for 10 min. The product was then concentrated
to 3 ml and extracted with butan-1-ol (5 x 3 ml). This
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was evaporated to dryness and the residue exhaustively
extracted with acetone. Comparison with an authentic
sample of the thiohydantoin derivative IV by thin-
layer chromatography, as described earlier, showed
that the extract contained only compound IV and from
the intensity of the spots was obtained in 60+10%,
yield, based on RNase-A. This provides further proof
of the correctness of the assignment of the triplet
resonance in Fig.7 to the «-CH proton of lysine-1 of
RNase-A.

DISCUSSION

It is useful to summarise the 1H NMR evidence for
the assignment of the resonance in Fig.7 to the a-CH
proton of lysine-1 of RNase-A, and then to discuss
the more general question of the use of the new reagent
PhtNCS, for reaction with «-amino groups at the
N-terminus of proteins. The resonance in spectrum 1
of Fig.7 is a triplet with a coupling constant of 6.3 Hz,
compared with 6.0 Hz in lysine and 6.5 Hz in L-Lys-
L-Trp. The chemical shift of the resonance and its
titration curve with change of pH, is very similar to
that obtained for the simple model peptide L-Lys-L-
Trp; the pK’ values are 7.3 and 7.6 respectively. Con-

vincing proof comes from the disappearance of the

resonance on reaction of RNase-A with PhtNCS to
form Pht-NCS-RNase-A, which is then converted to
the corresponding thiohydantoin and cleaved by
dilute acid to give compound IV. The pK’ of 7.6 is
higher than the value of 6.6 obtained from methylation
of the amino groups of RNase-A [24], but the need
for a correction factor in the earlier work makes it
more open to error. In insulin pK’ values of 8.0 and
about 6.7 have recently been obtained [23] for the
two N-terminal amino groups. The value of 7.6 for
RNase-A seems to be quite reasonable for an a-amino
group that is exposed to solvent [33].

Since an a-NH, group has a lower pK than an
¢&-NH, group, it should be possible to obtain preferen-
tial reaction of the former with an isothiocyanate by
reaction at a pH low enough to ensure that the con-
centration of the active species, i.e. the uncharged
form of the ¢&-NH, group, is very small compared with
that of the uncharged form of the a-NH, group. For
L-lysine, where the pK, of the «-NH, and ¢-NH, groups
are 9.18 and 10.79 respectively, reaction at pH 8.5
gave about 5 times as much of the a-NH, as of the
&-NH, product. However, in a peptide the pK, of the
«-NH, group is reduced to about 8 because of the
replacement of the carboxylate anion by a peptide
group, without any appreciable change of the pK, of
the ¢-NH, group. It is therefore possible to obtain
essentially complete reaction at the «-NH,, by reaction
at pH meter reading 7.2 in 2H,0 for about 22 h,
without any appreciable amount of reaction at the

Binding Site for Lanthanides on Proteins

e-NH, group. This was found for both L-lysyl-L-
tryptophan and RNase-A; in the former case it was
possible to react the e-NH, group by a subsequent
treatment with PhtNCS at pH meter reading 9.5. In
the general case of the reaction of the «-NH, group of
any protein it may be necessary to work at a slightly
higher pH (say 7.5), because the pK, of most o-NH,
groups is greater than the values of 7.6 and 7.3 which
obtain for the o-NH, lysyl residues used here.

The lack of reaction of PhtNCS with either histidyl
or tyrosyl side chains also shows the specificity of the
reagent for the N-terminal a-amino group. The general
specificity of the reagent is further confirmed by the
fact that complete reaction of the «-NH, group of
RNase-A can be effected by the addition of about 1.3
mol of PhtNCS per mol of RNase-A. Clarly the amount
of PhtNCS consumed in side reactions, including slow
hydrolysis of the reagent (see above), is small. We have
also confirmed that reaction occurs cleanly on lysine-1
by NMR spectroscopy of the product and also by
formation and identification of compound IV produced
by cyclisation and cleavage of the N-terminal peptide
bond.

The pK' values of the para-carboxyl and meta-
carboxyl groups are 4.6 and 2.9 respectively in
PhtNCS-Gly-Gly-Gly (structure 11, Fig.4) and the
stability constant of Pr3* to PhtNCS at pH § in 2H,0
is 960 M™1. Since lanthanides precipitate as the
hydroxide above about pH 7 and at pH values below
about 4 would have to compete with hydrogen ions
for the carboxylate anion binding sites, it is seen that
the range of pH values over which the binding site is
effective is about 4—7. The stability constant of 960
M ™1 is about 220 times the value of 4.3 M ™1 obtained
by similar methods with Pr3* on diglycine {26]. Thus,
in a situation in which the protein concentration is in
excess over lanthanide, it can be readily shown that
the amount of lanthanide bound on the adjacent
carboxyl groups of the PhtNCS derivative of the pro-
tein is about 100 times that bound on a single carboxyl
side chain.

In conclusion, it has been shown that PhtNCS is
a simple reagent that is able to react specifically at the
N-terminus of a protein, with the introduction of
adjacent carboxyl groups that bind lanthanide ions
very much more strongly than single carboxyl side
chains. It is therefore possible to introduce the binding
site at a known location in the molecule. The possibility
of mapping the structure of the protein in the vicinity
of the N-terminus, by NMR spectroscopy, is being
nvestigated.

We wish to thank Dr L. R. Brown for preliminary studies on
this subject [16] and Mr J. S. Teh (deceased) for useful experimenta-
tion and discussions. Dr Alan Jones of the National NMR Centre
is thanked for the spectra at 270 MHz and the Australian Research
Grants Committee for financial support of this project.
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