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ABSTRACT. The pH dependence of tHéC chemical shifts of the side-chain carboxyl carbons of all Asp
and Glu residues in the reduced and oxidized states of human thioredoxin and in a mixed disulfide complex
of human thioredoxin with a target peptide from the transcription factorB\fras been investigated by
multidimensional triple-resonance NMR spectroscopy. While the titration curves for most of the side-
chain carboxyl resonances exhibit simple Henderddasselbalch behavior withkg values not far from

those found for model compounds, several side chains give rise to two- or three-step titration curves,
indicative of the influence of multiple ionizations. In particular, the triad formed by Asp58, Asp60, and
Asp61 forms such a complex network of titrating groups. The ionization behavior of Asp26 shows an
abnormally high &, value for an aspartate residue in all states of human thioredoxin, Wifhgdues of

9.9 in the reduced state, 8.1 in the oxidized state, 8.9 in the mixed disulfide complex, and 8.6 in an active
site mutant in which Cys35 was replaced by Ala. The unambiguous determination df{halpes of

Asp26 for a variety of states of human thioredoxin presented in this paper is highly significant in view
of two recent reports oBscherichia colthioredoxin which presented contradictinvalues for Asp26

and Cys35 [Wilson et al. (199Biochemistry 348931-8939; Jeng et al. (199Biochemistry 3410101

10105]. The stabilization of the protonated side chain of Asp26 in human thioredoxin is achieved via a
hydrogen-bonding network involving the hydroxyl group of the neighboring Ser28 which is then connected
to the active site region (comprising Cys32 and Cys35) via bound water molecules. The coupling of the
buried Asp26 to the active site is responsible for the influence of the Asp26 ionization behavior on the
titration shifts of active site residues.

Much effort has been directed at understanding electro- in the regulation of several transcription factors (Abate et
static interactions in proteins and in particular their impor- al., 1990; Toledano & Leonard, 1991; Matthews et al., 1992;
tance for binding, catalysis, and stability (Tanford, 1962; Hayashi et al., 1993; Mitomo et al., 1994). The high-
Matthew et al., 1985; Yang & Honig, 1992). In addition to resolution three-dimensional solution structures of reduced
numerous experimental studies, various models to evaluateand oxidized human TRX (Qin et al., 1994) and of a mixed
electrostatic effects in proteins have been developed (Sharpisulfide complex of human TRX with a target peptide from
& Honig, 1990; Bashford & Karplus, 1990; Warshel &  the transcription factor NEB (Qin et al., 1995) have been
Aquist, 1991, Allewell & Oberoi, 1991). NMRprovides @ getermined. In addition, a study on the ionization properties
powerful method for the determination oKp values of of reduced human TRX using 2BH—1N and H—H
specific ionizable groups within a protein, and the ionization
behavior of a large fraction of the ionizing groups for a

number of proteins has been characterized by NMR (Ebinade endent chemical shifts of proton resonances adjacent to
& Wiithrich, 1984; Kohda et al., 1991; Forman-Kay et al., P P )

1992a; Bartik et al., 1994; Oda et al., 1994; Szyperski et al., tiirating groups (.SUCh as the- and. y-mgthylenes Of. A§p
1994; Schaller & Robertson, 1995). and Glu, respectively) is challenging since the majority of
The focus of the present study is human thioredoxin titration curves do not exhibit classical sigmoidal Hender-
(TRX), a small 12 kDa dithiol oxidreductase which functions SCn—Hasselbalch behavior but display complex pH depend-
as a general reductant for disulfides in proteins (Holmgren, €ncies encompassing several inflection points (Forman-Kay

1985, 1989) and has now been shown to play a critical role et al,, 1992a; Oda et al., 1994). This complexity arises from
the exquisite sensitivity of proton chemical shifts to influ-

T This work was supported by the AIDS Targeted Anti-Viral Program ences from addmona] carboxylates further away, as well as
of the Office of the Director of the National Institutes of Health (to from other electronic and conformational factors, and
G.M.C. and AM.G.). highlights a drawback in their use foKp determinations.
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! Abbreviations: NMR, nuclear magnetic resonance; TRX, thio- with that observed for side-chain carboxyl carbon resonances.
redoxin; 2D, two dimensional; 3D, three dimensional; CT-HCACO, The |atter frequently exhibit simple sigmoidal Henderson
constant time proton to directly bonded carbon to carbonyl correlation; H Ibalch titrati b he d d and
HOHAHA, homonuclear HartmanrHahn spectroscopyE. coli, Es- asselbalch titration curves between the deprotonated an

cherichia coli protonated states of the carboxyl group with the ionized form

correlation spectroscopy has been carried out previously
(Forman-Kay et al., 1992a). The interpretation of pH-
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generally resonating-3 ppm upfield from the neutral form ‘ —176.0
(Oda et al., 1994; Yamazaki et al., 1994). We have therefore v D26 “
used multidimensional triple-resonance NMR spectroscopy
to correlate the carboxyl carbon side-chain resonances of Asp
and Glu with theS- and y-methylene proton resonances, 1-178.0
respectively, as a function of pH in order to determine the

o

pK, values for all aspartate and glutamate carboxyl groups N102 Qs
in the reduced and oxidized states of human thioredoxin and =
in the mixed disulfide complex with the target peptide from C-Nos-@ | 180.0

NF«B. These experimentalfy values are discussed in the
light of the structural environment around the titrating side-
chain groups. Of particular interest is Asp26, which is highly i
conserved in all thioredoxins and is thought to play a role D16 | 1820
in the control of the redox potential dEscherichia coli
thioredoxin (Dyson et al., 1991; Langsetmo et al., 1991a,b).
The importance of establishing the correct value for thg p
of Asp26 has taken on new importance since two recent aes_ o | 184.0
publications orEscherichia coliTRX have come to contra- .
dicting views as to the assignment of thK,pvalues for
Asp26 and Cys35 (Wilson et al., 1995; Jeng et al., 1995).
Establishing the correctfy values for these groups is crucial
for understanding the catalytic mechanism of disufilde bridge
reduction by TRX.

3C (ppm)

-186.0

EXPERIMENTAL PROCEDURES 3.0 1.5

'H (ppm)

Sample Preparation Expression and purification for the i . .
. - - . . FiGURe 1: 18C (F; axis)-'H (F, axis) region of the 2D CT-HCACO
different protein variants of human TRX were identical to experiment of oxidized human TRX at 2& and pH 5.5. The

those used previously (Forman-Kay et al., 1992b; Qin et al., assignments of all GIu/GIn and Asp/Asi-€C7H, and G—CFH,
1994, 1995), and uniform labeling withN and 3C was correlations, respectively, are indicated.

carried out by growing the bacteria in minimal medium with

5NH,CI and [Cg]glucose as the sole nitrogen and carbon 1989) spectroscopy. The NMR spectra were processed with
sources, respectively. The titration studies on the oxidized the NmrPipe package (Delaglio et al., 1995) and displayed
and reduced forms of human TRX were carried out using and analyzed using the programs PIPP, CAPP, and STAPP
the triple cysteine mutant (C62A, C69A, C73A) in which (Garrett et al., 1991). Assignments were taken from previous
the three additional cysteines not involved in the redox work (Qin et al., 1994, 1995).

reaction were replaced by alanines. It has been shown pH Titrations. Chemical shifts of the carboxyl carbon
previously (Forman-Kay et al., 1992b; Qin et al., 1994) that resonances were followed for samples containing approxi-
this mutant is basically indistinguishable from wild-type mately 1 mM protein in 100 mM sodium phosphate buffer.
human thioredoxin with respect to biologically activity, The pH was adjusted by the additions of small amounts of
overall structure, and stability. However, the advantage of concentrated DCI or NaOD. The measured pH was not
the triple (C62A, C69A, C73A) mutant is that it circumvents corrected for the isotope effect on the glass electrode, and
any problems arsing from intermolecular disulfide bond measurements were taken before and after the NMR experi-

formation by the three free nonactive site cysteine residuesment. The carbon shifts were referenced with respect to
upon oxidation, thereby enabling the oxidized state to be 3-(trimethylsilyl)propanoidd;, acid.

studied by NMR. The complex between the (C35A, C62A,  apalysis of pH Titration Cures. pK. values were
C69A, C73A) mutant of human TRX and the 13-residue getermined from the titration curves by a nonlinear least-

target peptide from NEB (encompassing residues -568 squares fit of the data to the Hendersd#asselbalch
of the p50 subunit) was prepared as described by Qin et al.equation. In those cases where the titration curves could
(1995). Throughout the paper, we refer to the triple (C62A, ot pe fit by the simple oneKy HendersorHasselbalch
C69A, C73A) and quadruple (C35A, C62A, C69A, C73A)  equation, the data were fit to a noninteracting multipie p
mutants as human TRX and as the C35A mutant, respec-mode| derived as a simple extension of the Henderson
tively. Hasselbalch equation and given by eq 4 in Forman-Kay et
NMR SpectroscopyAll NMR experiments were carried  al. (1992a). In these cases all the relevant titration curves
out at 25°C on either a Bruker AMX600 or AMX500  were fit simultaneously. Nonlinear least-squares fitting was
spectrometer equipped with a z-shielded gradient triple- performed using the program FACSIMILE (Chance et al.,
resonance probe. The carboxyl side-chain carbons of Asp1977). The errors in the fitted parameters were obtained
(Asn) and Glu (GIn) were correlated with thefi- and from conventional analysis of the variareeovariance
y-methylene proton resonances using a modified version matrix generated by the nonlinear least-squares optimization
(Yamazaki et al.,, 1994) of the constant time HCACO routine (Chance et al., 1977; Clore, 1983). It should be noted
experiment (Powers et al., 1991). The pH dependence ofthat these errors relate to the precision of the fitted parameters
the chemical shifts of the®® and CH resonances of Ser28 rather than to their accuracy (which may be additionally
and Cys32 was followed by means of 2D HOHAHA (Bax, influenced by the presence of systematic errors which cannot
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Table 1: K, Values of Asp and Glu Residues of Reduced and Oxidized Human TRX and of the Mixed Disulfide Complex of the C35A
Mutant with the NikB Target Peptide, Derived by Monitoring the pH Dependence of the Chemical Shifts of the Carboxyl Carbon Resonances
Using 2D CT-HCACO Spectroscopy

reduced oxidized complex
pKa 6Iow (Shigh pKa 6|0W ahigh pKa (Slow 6high
Aspl6 4.0+ 0.06 178.5 181.7 4.2 0.03 178.5 181.7 4.6 0.09 178.5 181.7
Asp20 3.8+ 0.05 179.6 183.1 3.8 0.03 179.5 183.1 3.6:0.04 179.5 183.1
Asp26 9.9+ 0.1 175.5 181.6 8.£ 0.02 176.2 180.4 8.20.3 175.8 180.0
Asp64 3.2+ 0.06 179.6 182.5 3.2 0.05 179.3 182.6 2.£0.05 178.6 182.4
Glué 4.840.08 182.2 186.1 4.9 0.04 182.2 186.1 4.9 0.03 182.2 186.4
Glul3 4.4+ 0.07 182.0 186.4 4.4 0.07 181.9 186.3 4.3 0.09 181.8 186.4
Glua7 41+0.1 182.1 185.9 4.3 0.05 182.0 186.0 4.2 0.05 181.9 185.9
Glus56 3.1+ 0.04 181.2 186.5 3.2 0.05 1815 186.5 3.£0.02 181.1 186.4
5.0+ 0.1 185.0 5.14+0.08 185.0 4.8+ 0.07 185.0
Glués 4.9+ 0.07 181.7 186.4 5.2 0.04 181.4 186.3 4.9 0.05 181.5 186.4
Glu70 4.6+ 0.08 182.9 187.9 4.8 0.05 183.0 187.8 4.5 0.07 182.8 187.9
Glu88 3.7£0.08 183.0 186.8 3.6 0.05 182.8 186.7 3.4 0.05 182.8 186.5
Glugs 4.1+ 0.02 182.2 186.9 4.1 0.04 182.3 186.8 3.8 0.04 182.2 186.9
Glu9s 3.9+ 0.02 182.0 185.3 3.2 0.04 182.1 185.2 3.8 0.05 182.0 185.3
Glu103 4.440.07 182.0 186.4 4.5 0.06 182.0 186.5 4.3 0.09 181.8 186.4

aExcept for Glus6, all titration curves were fit to a singl&ap optimizing the value of the i, and the3C chemical shifts (in ppm) of the
side-chain carboxyl carbon in the fully protonatég@,() and fully unprotonateddign) States. With the exception of the valuedfy, for Asp26 in
the reduced state of human TRX, the errors in the chemical shift values are less than 0.1 ppm and in the majority of cases less than 0.07 ppm. The
error in the value obnigh for Asp26 in the reduced state49.25 ppm. The data for Asp58, Asp60, and Asp61 are not included in this table as their
titration curves required a thre&pfit which is reported in Table 2. It should be noted that the errors in the fitted parameigls §pd chemical
shifts) relate to their precision as derived from an analysis of the varisswariance matrix generated by the Powell nonlinear least-squares
optimization routine (Chance et al., 1977; Clore, 1983). The accuracy of the fitted parameters, however, will always be somewhat lower than their
precision, due to the potential presence of unknown systematic errors which cannot be assessed and uncertainties in the choice of model used to
fit the data.” In the case of Glu56, a twoka model was required to fit the data, optimizing the value of the tii@ymlues and the'fC]carboxyl
carbon chemical shifts at low, intermediate, and high pFhe intermediate chemical shifts for the twlits to the titration curves of Glu56.

be assessed, as well as by the choice of the model used t@able 2: K, Values of the Asp58, Asp60, and Asp61 Triad in

fit the data). Reduced and Oxidized Human TRX and in the Mixed Disulfide
Complex of the C35A Mutant with the B Target Peptide,
RESULTS AND DISCUSSION Derived by Monitoring the pH Dependence of the Chemical Shifts

of the Carboxyl Carbon Resonances Using 2D CT-HCACO
Titration curves for the carboxyl groups of all Asp and Spectroscopy

Glu residues were followed using a modifed 2D version of reduced oxidized complex
the CT-H(_:ACO experiment, and a rep_resen'gative spectrum’ 28401 2.7+ 0.06 2 0+ 0.05
for the oxidized state of human TRX displaying the region  pKa, 42+0.2 3.94+0.1 3.3+0.1

of the side-chain carboxyl and carbonyl carbons is shown RK3358 53+03 5.2+0.1 4701

in Figure 1. Crosg peaks are observed between #@ C B 18024 0.08 180.3% 0.04 180.2+ 0.04
carbon and the adjacefitmethylene protons (separated by St 181.7+ 0.25 181.1+ 0.09 182.0+ 0.05
two bonds) in the case of Asp and Asn and between the Oin2 183.04+0.11 182.2+ 0.07 182.6+ 0.04
C°0 carbon and the adjaceptmethylene protons in the case A 62‘;95 183.1+£0.04 183.2+ 0.02 183.0+ 0.02

. . sp

of (_3Iu and GIn. Based on the previously established B 178.94 0.06 178.74 0.07 178.85 0.05
assignments of thg- and y-methylene proton resonances St 1815+ 0.36 181.4+ 0.16 181.5+ 0.07
and the®*C o, 5-, andy-carbon resonances (Qin et al., 1994, Sine2 182.840.12 182.2+ 0.07 182.7+ 0.05

1995), the side-chain carbonyl and carboxyl carbon reso- Onigh 183.1+ 0.04 183.0+ 0.02 183.2+ 0.02

; ; ; ; ; Asp61
nances were first assigned unambiguously using a modifed By 178.84 0.04 1787+ 0.02 178.8+ 0.02

3D version. of the CT-HCACO experimen.t. Titra_ttion curves St 1793+ 0.36 179.1% 0.16 178.9+ 0.07
were obtained for all Asp and Glu residues in oxidized, Oinz2 180.9+ 0.16 180.4+ 0.10 180.4+ 0.05
reduced, and complexed human TRX, and tkg ypalues Oigh 181.8+ 0.04 181.8+ 0.02 181.8+ 0.02

are summarized in Tables 1 and 2. Titration curves for the  afor each state of human TRX, the titration curves for tHe C

oxidized state of human TRX are presented in Figure 2, andcarboxyl carbon atoms of the three aspartate residues were fit

itis apparent that the majority of the Carboxy|ates titrate with SimUltaneOUSly by optimizing_ the three(pvalues an_d the values of

a single | exhibiting classical Hendersettasselbalch f?%gbfch ;’g% n'”ctﬁg:]?g;?tsehﬁ'tns‘l’(ir?'ggh)a?gr 23:21 gﬂ'?(})e'pH

behavior. The exceptions are the carboxylates of Asp58,

Asp60, Asp6l, and Glu56 which display more complex

behavior discussed below. 42, Kohda et a.l., 1991, Oda et al., 1994, Szyperski et al.,
Asp16, Asp20, and Asp64 can be viewed as representativest994; Oliveberg et al., 1995).

of surface amino acids which titrate in a manner similar to  Asp26 exhibits an unusual titration curve such that in the

that of an Asp of a small random coil peptide. These three case of the oxidized protein no titration shift is observed

residues havely, values of 4.2, 3.8, and 3.2, respectively, from pH 2 up to about pH 7. Thei value determined for

close to that reported for model compounds (AD; oxidized human TRX is 8.1. In the reduced protein Asp26

Creighton, 1993) and other reported surface aspartates (3.2 has an even higheig value of 9.9. In our previous titration




10 Biochemistry, Vol. 35, No. 1, 1996 Accelerated Publications

E13
20
= Dog | 186 | E47E6
182 |
16
184 | .
180 | o
L) A
182 |
178 ! ) ) ) 1 1 | ! 1
= 188
g 180 | D26
&
b= 186
g
® 478 L
3 184
€
2 182
O 176 |+
183
182 | 186
181
184
180
179 .o 182

2 4 6 pH 8 10 2 4 6 pH 8 10

FiGUre 2: Chemical shift titration curves for thé3C]carboxyl resonances of all Asp and Glu residues of oxidized human TRX in the pH
range 1.9-10. The solid lines represent least-squares best fits to the data. With the exception of the curves for Asp58, Asp60, Asp61, and
Glu56, all the curves were fitted to the classical singfg plendersor-Hasselbalch equation. For Asp58, Asp60, and Asp61, the data for

all three residues were fitted simultaneously using a noninteracting thtemadel (solid line). The dotted lines for these three residues
represent least-squares fits to a singkg mpodel illustrating the large deviations from classical Henderddasselbalch behavior. The
titration curve for Glu56 was fitted with a noninteracting twiijamodel (solid line).

studies on reduced wild-type human TRX (Forman-Kay et We attributed a K, of 6.3 to Cys32, while the ki, value
al., 1992a) the Ig, of Asp 26 was not determined accurately for Cys35 could not be accurately determined and was
since the protein starts to unfold at these high pH values tentatively assigned to lie within the range #&6. With
and a large number of changes occur in the #D-H the availability of the C35A mutant, we reinvestigated the
correlation spectra. We therefore stated at the time thatactive site titration behavior. The proton titration curves for
Asp26 did not titrate within the normal pH range (Forman- several pertinent resonances are displayed in Figure 3, and
Kay et al., 1992a). From all the data presently available in the results are summarized in Table 3. Although less
our laboratory on reduced human TRX{= 9.9), oxidized complicated than the titration curves observed previously for
human TRX (K, = 8.1), the mixed disulfide complex the wild-type protein (Forman-Kay et al., 1992a), mainly due
between human TRX and the NB peptide (K, = 8.9), to the absence of one of the interacting titratable groups (i.e.,
and the C35A mutant of human TRXKp= 8.6), it is clear Cys35), the titration curves for the*tand H resonances of
that Asp26 titrates with an extraordinarily higkgpvalue in Cys32 necessitated a tw&pfit with pK, values of 7.1 and
all states of human TRX. These findings are consistent with 8.6. The K, of 8.6 clearly cannot arise from Cys35 since
the report by Wilson et al. (1995), who determinedks, p  this residue is no longer present. Hence, thdg lpas to be
>9 for Asp26 in the reduced state B§cherichia coliTRX. assigned to the buried Asp26. This is confirmed by tkg p
Our results and those of Wilson et al. (1995), on the other of 8.9 derived from the titration curve of the carboxyl side-
hand, are in direct contrast to the interpretation recently put chain carbon of Asp26 in the mixed disulfide complex of
forward by Jeng et al. (1995), who attributedi&,jof 7.4 to the C35A mutant and the NB peptide. Further substantia-
Asp26 in the reduced state Bf coli TRX and assigned the tion is provided by the titration behavior of the proton
high pKa value of >9 to the thiol of Cys35. resonances of Ser28. In human TRX the hydroxyH®@f

We believe that the assignment dfjvalues for Asp26 Ser28 is hydrogen bonded to the side-chain carboxyl group
and Cys35 put forward by Jeng et al. (1995) is highly of Asp26 (Qin et al., 1994). Consequently, any titration
unlikely since it is based primarily otH and3C shifts of observed for the proton resonances of Ser28 should reflect
atoms in thef position of the cysteines. As noted in the the ionization behavior of Asp26. As is evident from the
introduction, it is extremely difficult to extractiy values data presented in Figure 3 and Table 3, the tigq yalues
from titration curves that deviate from classical Henderson derived from the titration curves for the proton resonances
Hasselbalch behavior, and indeed this is precisely the natureof Ser28 and Cys32 in the C35A mutant of human TRX
of the curves observed for thpositions. We too found  clearly reflect the ionization of both the cysteine thiol of
complicated titration behavior for the active site residues, Cys32 and the carboxylate of the buried Asp26. It is
including Cys32 and Cys35 (Forman-Kay et al., 1992a), and interesting to note that substitution of Cys35 by Ala slightly
several [K4's contributed to the observed titration curves. raises the i, of Cys 32 from 6.3 to 7.1, which is still clearly
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Ficure 3: Chemical shift titration curves for the*8 and CH resonances of Cys32 and Ser28 for the C35A mutant of human TRX. All
six curves were fitted simultaneously to a noninteracting ti@rmodel (solid lines). These data were obtained from a series 6fH2BH
HOHAHA spectra.

Table 3: Titration Behavior of Cys32 and Ser28 in the C35A
Mutant of Human Thioredoxth

Oiow (PPM) Oint (PPM)
pKa1= 7.1+ 0.09; K»28.6+ 0.10

D58

Onigh (PPM)

181 |

Cys32
Hu

Hit
Hp2

Ser28
Hu
Hit
HA2

4.49+ 0.008
1.72+ 0.004
2.284+ 0.005

4.24+ 0.008
3.26+0.013
3.444+0.011

4.26+ 0.011
1.78+ 0.007
2.34+ 0.009

4.27+0.017
3.44+ 0.025
3.46+ 0.02

4.15+ 0.008 r

1.8% 0.005
2.50+ 0.007

4.32+ 0.010
3.4 0.017
3.65+0.014

179

183

D60

2 The titration curves for the Hand methylene protons of Ser28
and Cys32, derived by monitoring the pH dependence of their chemical
shifts using 2D HOHAHA spectroscopy, were fit simultaneously to a
noninteracting two K, model by optimizing the value ofta; and [Kaz
and the low §iow), intermediate diny), and high rign) chemical shifts. 179 |
The K,z value of 8.6 reflects thelfy, of the carboxylate of Asp26 (see .
Table 1).

181 |

Chemical Shift (ppm)

183 |-
Dé1

well below that of a solvent-exposed thiol of 9.0.5 -
(Creighton, 1993). Thus, the proposal put forward for
Escherichia coliTRX by Jeng et al. (1995) that the two

cysteines in the active site share a proton, resulting in the -
lowered pk; for Cys 32, cannot be valid for human TRX. 179 |

The titration data for the three remaining aspartates, Asp58, = ‘ & 3 10
Asp60, and Asp61 (Figure 2), exhibit significant deviations pH
from classical HenderserHasselbalch behavior. All three  Ficure 4: pH dependence of thé*C]carboxyl chemical shifts of
amino acids are located in close spacial proximity so that Asp58, Asp60, and Asp6l for human TRX in the reduc®, (
their ionizations reflect mutual influences. Specifically, the ©Xidized ©), and complexed) states. In each state, all three

- titration curves were fitted simultaneously using a noninteracting
Cr—Cr distance between Asp58 and Asp60, Asp58 and o
: three K, model (solid lines).

Asp61, and Asp60 and Ap61 is 4-8.9, 5.0, and 6.4 A,
respectively, in both the reduced and oxidized states. Thethe NFB target peptide are 5.3, 4.4, and 6.2 A, respectively.
corresponding distances in the mixed disulfide complex with We therefore fit all three titration curves simultaneously using

181 |
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FIGURE5: Stereoviews of the active site region of (A) oxidized human TRX and (B) the mixed disulfide intermediate complex of the C35A
mutant with the NkB peptide. The interaction of Asp26 with Ser28 and its proximity to the active site region are illustrated, and the close
spacial proximity between Asp58, Asp60, and Asp61 and their interaction with Thr30 and Trp31 are highlighted. The polypeptide backbone
of the protein is shown in green, and in (B) the backbone of theB\feptide is shown in red. In (B) the side chains of Arg57 and Cys62

of the peptide are labeled in lower case.

a three K, fit, and the results are summarized in Figure 4 glutamates lie within the range of 3-@.9 for oxidized TRX
and Table 2. While there is little difference in the titration with only small changes in the reduced form and the
behavior of these three residues in the reduced and oxidizedcomplex. The intrinsic K, value for a free glutamic acid
states of human TRX, a substantial shift to lowK, palues lies in the range 4:34.5 (Creighton, 1993), and<p values
is observed in the complex with the MB target peptide. In  for exposed glutamates have been reported in the range 3.9
fact, these changes irkp values are the largest observed 4.4 (Oda et al., 1994; Szyperski et al., 1994; Schaller &
between free human TRX (reduced or oxidized) and the Robertson, 1995; Oliveberg et al., 1995). Solvent-accessible
mixed disulfide complex. In the three-dimensional structure side chains in the three-dimensional structure of human TRX
of human TRX, Asp58 is positioned at the end of straBd comprise Glu6, Glul3, Glu47, Glu70, Glu88, Glu95, Glu9s,
and both Asp60 and Asp61 are located in the turn connectingand Glu103, all of which exhibit only marginally perturbed
strand 53 and helixa3. This region is in close spatial pKavalues. Both Glu6 and Glu68 exhibit somewhat elevated
proximity to the polypeptide chain immediately preceding pK, values of 4.8-4.9 and 4.9-5.1, respectively. One
the active site region (residues-325), and hydrogen bonds  possible reason for an elevatelpsalue could be an area
are present between the carboxylate of Asp58 and theof strongly negative charge around the titratable group. In
backbone NH of Thr30 and between the carboxylate of the case of Glu6 this strongly negative electrostatic region
Asp60 and the NH of the indole ring of Trp31. As is is due to the triad of Asp58, Asp60, and Asp61; in the case
evident from the structural comparison shown in Figure 5, of Glu68, this residue is positioned in an area of negative
the bound NkB peptide interacts intimately with this highly  charge arising from Asp64 and Glu70 located on either side
charged region of the protein, and the interaction betweenof Glu6. The above reasoning is clearly supported by
the guanidinium group of Arg57 of the peptide with the entire examining the electrostatic potential on the surface of the
network of negative charges set up by the three carboxylatesprotein using the program Grasp (Nicholls et al., 1991).
of Asp58, Asp60, and Asp61 from the protein contributes Glu56 exhibited abnormal behavior insofar that a twq, p
to the stability of the complex and is responsible for the fit was necessary to reproduce its titration behavior. An
lowering of the associatedp values. explanation for this unusual behavior may be the fact that
In addition to the seven aspartates, human TRX containsGlu56 is in close proximity to the cluster of interacting
ten glutamates, the majority of which exhibit simple Hend- negative charges comprising Asp58, Asp60, and Asp61. The
erson-Hasselbalch titration curves (Figure 2). Only Glu56 carboxylate of Glu56 is within 7 A of that of Asp58, and
necessitated the use of a twdpfit to satisfactorily both side chains are relatively surface inaccessible so that it
reproduce its titration curve. TheKp values for all other  is very likely that a mutual influence will be felt by the
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titrating carboxylates. Indeed, the values &fpfor Glu56

in the three states of human TRX (Table 1) are very similar

to those obtained independently foKgp of the Asp58,
Asp60, and Asp61 triad (Table 2).

CONCLUDING REMARKS

Biochemistry, Vol. 35, No. 1, 1996L3

Clore, G. M. (1983) in Report No. AERE-R 8775 (Garrett, M. J.,
& Barrett, A. N., Eds.) pp 313348, Elsevier North-Holland,
Amsterdam.

Creighton, T. E. (1993proteins W. H. Freeman & Co., New York.

Delaglio, F., Grzesiek, S., Vuister, G., Zhu, G., Pfeifer, J., & Bax,
A. (1995)J. Biomol. NMR if press).

Dyson, H. J., Tennant, L. L., & Holmgren, A. (199Bjochemistry
30, 4262-4268.

Using the constant time HCACO experiment, it was gpina, S., & Wihrich, K. (1984)J. Mol. Biol. 179 283-288.

possible to directly follow the ionization shifts of the carboxyl

carbons of all Asp and Glu residues of human TRX in a

Forman-Kay, J. D., Clore, G. M., & Gronenborn, A. M. (1992a)
Biochemistry 313443-3452.

variety of states (reduced, oxidized, and in a mixed disulfide Forman-Kay, J. D, Clore, G. M., Stahl, S. J., & Gronenborn, A.

complex with a target peptide from NB). In this manner
problems associated with monitoriflg or °C shifts of more

M. (1992b)J. Biomol. NMR 2431-445.
Garrett, D. S., Powers, R., Gronenborn, A. M., & Clore, G. M.
(1991)J. Magn. Reson. 93214-220.

remote atoms of the side chains, which often render the Hayashi, T., Ueno, Y., & Okamoto, T. (1993) Biol. Chem. 268

interpretation of titration curves challenging if not impossible,

were circumvented, and unambiguous determination&ef p

values could be obtained. The results establish unequivocally;
that Asp26 is protonated in all states of folded human TRX,

exhibiting an unusually highi, value of 9.9 in the reduced

state. This finding supports a similar observation and

interpretation for the equivalent buried aspartatéircoli

11380-11388.
Holmgren, A. (1985)Annu. Re. Biochem. 54237-271.
Holmgren, A. (1989)J. Biol. Chem. 26413963-13966.
eng, M.-F., Holmgren, A., & Dyson, H. J. (199Bjochemistry
34, 10101-10105.
Katti, S., LeMaster, D., & Eklund, A. (1990). Mol. Biol. 212
10261-10265.
Khoda, D., Sawada, T., & Inagaki, F. (199Bjochemistry 30
4896-4900.

TRX (Wilson et al., 1995) and casts doubt on an alternative Langsetmo, K., Fuchs, J. A., & Woodward, C. (199B&chemistry

interpretation by Feng et al. (1995).

In this regard it is

30, 7603-7609.

interesting to note that another protonated buried aspartatd-angsetmo, K., Fuchs, J. A., Woodward, C., & Sharp, K. A. (1991b)

residue was recently identified in a HIV-1 protease inhibitor

complex and shown to exhibit aKp value of >7.5

(Yamazaki et al., 1994). The stabilization of the protonated

Biochemistry 307609-7614.

Mattthew, J. B., Gurd, F. R. N., Gracia-Moreno, B., Flannegan,
M. A., March, K. L., & Shire, S. J. (1985Crit. Rev. Biochem.
18, 91-197.

side chain of Asp26 in human TRX is achieved via a Matthews, J. R., Wakasugi, N., Virelizier, J. L., Yodoi, J., & Hay,

hydrogen-bonding network involving the hydroxyl group of

R. T. (1992)Nucleic Acids Res. 2(3821-3830.

the neighboring Ser28 which is then connected to the active Mitomo, K., Nakayama, K., Fujimoto, K., Sun, X., Seki, S., &

site region (comprising Cys32 and Cys35) via bound water Ni

Yamamoto, K. (1994Gene 145197-203.
cholls, A. J., Sharp, K., & Honig, B. (199Broteins 11 281—

molecules. Such water molecules connecting the carboxylate 2gg.
of Asp26 to the surface of the protein have been observedOda, Y., Yamazaki, T., Nagayama, K., Kanaya, S., Kuroda, Y., &

in the X-ray structures oE. coli and AnabenalRX (Katti

Nakamura, H. (1994Biochemistry 335275-5284.

et al., 1990; Saarinen et al., 1995) as well as in the NMR ©liveberg, M., Arcus, V. L., & Fersht, A. R. (1998iochemistry

structures of reduced and oxidized human TRX (Qin et al.,, p
1994). Itis this tethering of the buried Asp26 to the active

34, 9424-9433.
owers, R., Gronenborn, A. M., Clore, G. M., & Bax, A. (1991)
Magn. Reson. 94209-213.

site which is responsible for the reflection of the Asp26 Qin, J., Clore, G. M., & Gronenborn, A. M. (1994tructure 2

ionization behavior in the ftitration shifts of active site
residues, in particular thg-positions of Cys35.
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