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ABSTRACT: Thiol:disulfide oxidoreductases have a CXXC motif within their active sites. To initiate the
reduction of a substrate disulfide bond, the thiolate form of the N-terminal cysteine residue (CXXC) of
this motif performs a nucleophilic attackEscherichia colithioredoxin [Trx (CGPC)] is the best
characterized thiol:disulfide oxidoreductase. Previous determinations of the activé:siayes of Trx

have led to conflicting interpretations. HeféC-NMR spectroscopy, site-specific isotopic labeling, and
site-directed mutagenesis were used to demonstrate that analysis of the titration behavior of wild-type
Trx requires the invocation ahicroscopicpK, values for two interacting active-site residues: Asp26
(7.5 and 9.2) and Cys32 (CXXC; 7.5 and 9.2). By contrast, in two Trx variants, D26N Trx and D26L
Trx, Cys32 exhibits alga near 7.5 and has a well-defined, singlesfitration curve. Similarly, in oxidized
wild-type Trx, Asp26 has al near 7.5. In CYWC and CWGC Trx, Cys32 exhibits a singkq pear

6.2. In all five enzymes studied here, there is no evidence for a Cys35 (CXKQ)fp<11. This study
demonstrates that a comprehensive approach must be used to unravel complex titration behavior of the
functional groups in a protein.

Thiol:disulfide oxidoreductases that contain the Cys-Xaa- reaction mixture: K, = pH (Szajewski & Whitesides, 1980;
Xaa-Cys (CXXC} motif are common enzymes found in  Gilbert, 1990). This optimum arises from the balance
diverse intracellular environments (Chivers et al., 1997, between being unprotonated (and therefore reactive) and
1998). In reactions catalyzed by thiol:disulfide oxidoreduc- being nucleophilic. A normal thiol has &Kpnear 9 and is
tases, the thiols of the CXXC motif can act as nucleophiles, largely protonated [and therefore unreactive (Bednar, 1990)]
electrophiles, or leaving groups. The N-terminal cysteine at physiological pH.

residue (Cyg) of known CXXC motifs is exposed to solvent, One well-characterized thiol:disulfide oxidoreductase is

and it is this residue that initiates catalysis by performing yhiqredoxin fromEscherichia coli[Trx (Holmgren, 1985)].
an intermolecular nucleophilic attack. Accordingly, P pravious workers have reported that Gy Trx has a Ka

of ICySN has a strlon_g inflr]gr;ce on catalysis. . | slightly >7 (Dyson et al., 1991, 1997; Li et al., 1993; Jeng
h'? aqur(]aoushsg utlon,lt l0ls are mors]t (rjeacur\]/e aHs nfucheo— et al., 1995; Wilson et al., 1995). In human Trx, Qyg®s
philes when their K, values are matched to the pH of the a K, of 6.35 (Forman-Kay et al., 1992). Recently, however,
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Ficure 1: Functional groups in the active site of reduced wild-
typeE. colithioredoxin (Jeng et al., 1994). This figure was created
using MOLSCRIPT v1.2 (Kraulis, 1991). To enhance the resolution
of 13C NMR experiments, enzymes were enriched Wi at &

of the two cysteine residues.

Construction of pTRX YepWL.TRX is a plasmid that
directs the expression of wild-type thioredoxin in the
endoplasmic reticulum ddaccharomyces cansiae (Chivers
et al., 1996). The gene for Trx was amplified from
YepWL.TRX by the PCR with oligonucleotides PC26-(5
AAGAAGGAGTTATACATACATATGAGCGATA-
AAATTATT-3") and PC27 (5GGGGCACCCAACGTC-
GACATTCCCTTACGCCAGGTTAGCGTC-3. The PCR
products were cleaved at the underlined sites Widd and
Sal, and the resulting fragments were inserted into pET22b(

Chivers et al.

pellet was resuspended in lysis buffer (125 mL per 0.5 L of
cell culture), which was 20 mM Tris-HCI buffer, pH 7.8,
containing urea (6.0 M) and EDTA (1.0 mM). The suspen-
sion was shaken for 20 min at 3T to ensure complete
lysis. The lysate was centrifuged at 30§d6r 15 min, and
the urea-soluble fraction (125 mL) was dialyzed against 4 L
of 20 mM Tris-HCI buffer, pH 7.8, containing EDTA (1.0
mM). The dialysate was then centrifuged at 30988 30
min to remove any precipitate. The resulting supernatant
was concentrated using a microconcentrator from Amicon
(Beverly, MA) with a YM10 ultrafiltration membrane. The
concentrate €10 mL) was passed through (flow ratel.5
mL/min) a Pharmacia FPLC Hi-Load Sephadex G-75
column, which had been equilibrated with 0.10 M potassium
phosphate buffer, pH 7.6, containing EDTA (1.0 mM).
PAGE performed in the presence of SDS showed that the
enzyme was>98% pure at this stage (data not shown).
Although this purification method is not sufficient to remove
endogenous wild-type Trx, any such contamination was not
detectable in the NMR experiments on the variants.

Solutions of enzyme were concentrated for NMR experi-
ments using a Centriprep 10 concentrator from Amicon. For
experiments in BO, the concentrated enzyme solution was
lyophilized, and the lyophilizate was resuspended y®©D
and incubated at 37C for =4 h to allow for proton
exchange. Then, the enzyme solution was lyophilized again,
and this lyophilizate was resuspended isOD(0.5 mL).
When necessarye(g, to remove DTT or excess salt),
samples were desalted using a Pharmacia FPLC Fast Desalt
10/10 column, which had been equilibrated with 0.10 M
potassium phosphate buffer, pH 6.2.

Preparation of Site-Specificall}3C-Labeled Trx To

that had been cleaved with the same enzymes. The resultingsnhance the resolution of NMR experiments, Trx was

plasmid, which directs the production of wild-type Trx in
the cytoplasm oE. coli, is called pTRX.

Previously, we had isolated two variants Bf coli Trx
that complemenpdilA S. cereisiae (Chivers et al., 1996).

prepared with an enrichment 8 at & of the two cysteine
residues (Figure 1). ThiSC-labeled enzyme was prepared
as described above from growth medium containing*3-
cysteine (4Qug/mL). The resulting enzyme had levels of

These variants have altered CXXC sequences (CWGC andisC incorporation that were low, but adequate for the analysis

CVWC) compared to that of wild-type Trx (CGPC). Genes
coding for CWGC Trx and CVWC Trx (without the HDEL

tails used in the complementation experiments) were con-

of wild-type Trx. To produce'®C-labeled Trx variants,
pTRX was transformed int&. coli strain JM15, a cysteine
auxotroph. Transformed cells were grown in LB medium

structed by a procedure analogous to that used for thecontaining [313C]Cysteine (40lug/m|_), and enzyme was

construction of pTRX.
To probe the behavior of Asp26 during the titration of

produced as described above. The use of an auxotrophic
host increased the incorporation of label into the Trx variants

Trx, we created enzymes in which Asp26 was replaced with above that of the wild-type enzyme.
an isologous asparagine or leucine residue. The genes for Enzyme ConcentrationsConcentrations of enzyme were

D26L and D26N Trx were produced by oligonucleotide-

determined by measuring at 280 nm. The extinction

mediated site-directed mutagenesis as described by Chivergoefficients of the CWGC and CVWC Trx were estimated

(1996) and Chivers and Raines (1997).

Production and Purification of Trx in E. colipTRX or a
mutant thereof was transformed inE coli BL21(DE3).
Plasmid copy number was amplified according to the
protocol of Hoffman et al. (1995). Transformed bacteria
were used to inoculate fresh LB media (20 mL) containing
ampicillin (0.40 mg/mL). For expression dfxA, three
sequential 1:10dilutions were made into LB media (20 mL)
containing ampicillin (0.40 mg/mL), and all three resulting
cultures were grown overnight at 3€. An aliquot (10 mL)
of the least dense culturéd (< 1 at 600 nm) was used to
inoculate 0.5 or 1.0 L cultures of TB media. Expression of
trxA was induced, wheA = 1.9 at 600 nm, by the addition
of IPTG (to 1 mM). Afte a 3 hinduction period, cells were
harvested by centrifugation at 7ap€r 10 min. The cell

to beeygo= 18 470 Mt cm* using the method of Gill and
von Hippel (1989). The extinction coefficients of D26N and
D26L Trx were assumed to be the same as that of wild-type
Trx [e280 = 13 700 Mt cm™! (Krause et al., 1991)].

NMR SpectroscopyNMR experiments were performed
on solutions (0.5 mL) of BD containing enzyme 3 mM),
potassium phosphate (0.1 M), and DSS (1 mM), which
served as a chemical shift reference. In experiments on
reduced enzymes, DTT was added to a final concentration
of 5 mM. The pH of solutions was adjusted by adding
aliquots &4 ul) of either 1.0 M KOD or 1.0 M DCI. The
pH of the sample was measured before and after each
experiment, and the latter reading was used for data analysis.
pH measurements of D solutions were corrected for the
deuterium isotope effect on the glass electrode (Glasoe &
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Long, 1960). The K, of a thiol usually exhibits a large
inverse solvent isotope effect (Schowen, 1977). Unfortu-
nately, solvent isotope effects on thidpvalues in Trx are
likely to be difficult to interpret because many protonic sites
are near the two cysteine residues [Figure 1 (Kresge, 1973;
Chivers, 1996)].13C-NMR spectra were collected at 308 K
on a Bruker DMX500 instrumentC 125.68 MHz) using
WALTZ-16 proton-decoupling (Shaka et al., 1983). NMR
data were analyzed with the program FELIX 95 from Biosym
(San Diego, CA).

Data Fitting. Titration data were fitted to either one- or
two-pK, titration curves with the program MACCURVEFIT.
Data from simple proton titrations were fitted to eq 1:

_ (Opa — Op-)
(1 + 10P<=~PH)

0

1)

HA

Complex titration data were fitted to equations that take into
account multiple protonation steps (Shrager et al., 1972).
Sequential, two-proton titrations of noninteracting functional
groups were fitted to eq 2:

5=
((Oar)H T2 + (Opa JKH T + (0 a)KH T + (900 )K 1K)
((HT? + [HIK, + [HTIK, + KK,)

)

In the proteins studied hereif; > K,. Such titrations
produce predominantly one monoprotic species, which has
a chemical shift ofSya-.2 Branched, two-proton titrations

of interacting functional groups were fitted to eq 3:

5=
((Opan)H +]2 + (Opa-)Kq[H 1+ (5—AH)K2[H+] + (052 )cKK))
(H']? + [HT]K, + [HTTK, + cK,Ky)

®3)

Such titrations produce two monoprotic species. These
species have chemical shifts &fay and dya-, depending

on which site (1 or 2, respectively) is protonated. Equations
2 and 3 differ in the last term of both the numerator and the
denominator. These terms account for a change in the proto
affinity of the second protonation site (site 2) due to the
presencel,) or absencedK, (Wyman & Gill, 1990)] of a
proton at the first protonation site (site 1).

RESULTS

Production and Purification of Thioredoxin Variant©ur
protocol for the production of Trx irE. coli is similar to
that used for the production of ribonuclease A (delCardayre
et al., 1995), except that Trx was produced in a soluble form.
Chromatography on a gel filtration column yielded enzyme
that was of sufficient purityX98%) for NMR experiments.
Wild-type Trx was isolated at 150 mg/L of culture. Pure
D26L Trx and D26N Trx were isolated at slightly lower
levels. Pure CVWC Trx and CWGC Trx were isolated at
50 mg/L of culture.

31f Ky > K, then fits are not sensitive to the third term in the
numerator of eq 2. Indeed, some workers omit this term entirely (Dyson
et al.,, 1991; Jeng et al., 1995). Although this term has a negligible
effect, it was included in our fits. Values of a4 were estimated by
assuming thaﬁHAH + (SAZ* = (SHA* + 67AH-
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Ficure 2: The pH dependence of th&’ signals from oxidized
[*3CA-Cys]thioredoxins in RO. (A) Cys32 in wild-type thioredoxin
(Trx; @) and D26L Trx @). (B) Cys35 in wild-type Trx ©) and
D26L Trx (O). Titrations were carried out at 308 K in 0.1 M
potassium phosphate buffer.

Table 1: Results from the Analysis of the pH Dependence of the
Chemical Shifts of thé3C# Nuclei of Cys32 and Cys35 in Oxidized
[*3CP-Cys]Thioredoxins?

thioredoxin Cys32 Cys35
wild-type Ky 7.45 (0.02) 7.51(0.18)
OHAH 42.08 (0.01) 32.70 (0.01)
OHA— 40.94 (0.01) 32.84 (0.01)
D26L pK1 nt® nt

a Titrations were carried out at 308 K in 0.1 M potassium phosphate
buffer. Values were determined by fitting the experimental data to eq
1. Chemical shift values are in parts per million. Errors were estimated
from the deviation of the best fit to eq 1No titration.

13C-NMR Spectroscopy Wild-type Trx has only two
cysteine residues, both of which are located in the enzyme’s
active site. To determine thekp values of the active-site
thiols, we used enzymes that were labeled selectively with
13C only at thepB position of its cysteine residues. This
technique enabled direct monitoring of the titration of the
thiol (and other nearby) protons by following the change in

r53C—chemical shift (Jeng et al., 1995; Wilson et al., 1995).

The pH dependence of thHéC’-Cys chemical shifts of
Cys32 and Cys35 in oxidized3A-Cys]Trx is shown in
Figure 2. The pH-dependent chemical shifts of oxidized
[**CA-Cys]Trx could be fitted to a single K of ap-
proximately 7.5 (Figure 2 and Table 1). We conclude that
this value reflects the titration of Asp26 (Dyson et al., 1991;
Langsetmo et al., 1991). This conclusion is supported by
the titration curves for oxidized D26L Trx, which lack &p
in the entire pH range examined (Figure 2). Most impor-
tantly, these data demonstrate that the chemical shif’of C
of Cys32 (Figure 2A) is sensitive to the ionization state of
Asp26. As had been observed in carbamoylmethylated Trx
(LeMaster, 1996), this chemical shift is affected more by
the ionization of Asp26 than is that of Cys35 (Figure 2B).

The pH dependence of thHECA-Cys chemical shift of
Cys32 and Cys35 in reduced’-Cys]Trx is shown in
Figure 3. The pH dependence of tHef-Cys signals from
D26L Trx could be fitted to a singleky of 7.5, and that
from D26N Trx could be fitted to a singlea of 7.4 (Figure
3B and Table 2). The similarity of these values as monitored
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29 Table 2: Results from the Analysis of the pH Dependence of the
Chemical Shifts of thé3C# Nuclei of Cys32 and Cys35 in Reduced
o8 [13CA-Cys]Thioredoxind
thioredoxin Cys32 Cys35
27 wild-type K1 7.59 (0.04) 7.62 (0.07)
pK2 9.88 (0.06) 9.89 (0.10)
26 OHAH 25.28 (0.03) 26.51 (0.01)
OHA— 26.72 (0.04) 26.94 (0.02)
0a2- 28.88 (0.09) 27.57 (0.04)
o5 L CcvwcC pK1 6.12 (0.36) 6.22 (0.06)
pK2 ncP 8.88(0.02)
OHAH 25.84 (0.06) 26.26 (0.03)
—_ OHA™ 28.48 (0.03) 27.38 (0.03)
£ Sz nd 26.97 (0.06)
% CWGC [s3€1 6.14 (0.024) 6.16 (0.04)
= pKz 9.45 (0.30) 9.44 (0.14)
= OHAH 25.84 (0.03) 26.22 (0.02)
- OHa— 28.56 (0.03) 27.38 (0.02)
4p] On2- 28.26 (0.04) 26.96 (0.02)
T D26L pK1 7.46 (0.01) 7.56 (0.03)
O pK2 10.92 (0.09) 11.0 (0.1)
£ OHAH 24.60 (0.01) 25.94 (0.02)
O OHA— 28.59 (0.01) 27.39 (0.02)
e Onz~ 28.06 (0.03) 28.13 (0.06)
O D26N Ky 7.39 (0.03) 7.32(0.03)
O pKa nte nte
® OHAH 24.75 (0.06) 25.87 (0.02)
OHa~ 28.49 (0.04) 27.45 (0.02)
On2- nte nt
a Titrations were carried out at 308 K in 0.1 M potassium phosphate
buffer containing DTT (5 mM). Values were determined by fitting the
experimental data to eq 2, which does not account for interaction
between titrating groups. Values for D26N Trx were determined by
fitting to eq 1. Chemical shift values are in parts per million. Errors
were estimated from the deviation of the best fit to eq 2 or eq 1 (for
D26N Trx). Not determined¢ No titration.
25 -
Cys35. The similarity of this upfield chemical shift change
o4 L to that observed for oxidized Trx (Figure 2A) leads us to
[ T HS conclude that the second transition arises from the titration
4 6 8 10 12 of Asp26. Thus, a K, corresonding to Asp26 is apparent
pH in the titrations of reduced CWGC Trx and reduced CVWC

Trx (Figure 3C). This K, which is also evident in the

Ficure 3: The pH dependence of tH&C/' signals from reduced  titration of oxidized Trx (Figure 2A), is concealed in the
[13CA-Cys]thioredoxins in RO. Closed symbols, Cys32; open ... _.. . ' .
symbols, Cys35. (A) Wild-type thioredoxin (Tra, O). (B) D26L titration of the reduced wild-type enzyme (Figure 3A).

Trx (M, O) and D26N Trx @, ©) Trx. (C) CWGC Trx @, A) and Finally, a second titration was observed at pt10 for

CVWC Trx (v, V). The [K, values determined from fitting the ~ D26L Trx (Figure 3B and Table 2). Thiskp could arise

experimental data to eq 2 are listed in Table 2. Titrations were from the titration of Cys35. Yet, without a well-defined

Ea#e(%%umf/g% Kin 0.1 M potassium phosphate buffer containing titration endpoint at high pH, it is only possible to determine

' g , _ _ , that this K, has a lower limit of 11. No such titration at

by the chemical shifts from two different cysteine re5|_due_s, high pH was observed for D26N Trx.

Cys32 and Cys35, suggests that they report on the titration

of the same functional group, which haskspear 7.5 (Table  p|SCUSSION

2). A similar K, value has been reported previously for

D26A Trx (Wilson et al., 1995; Jeng & Dyson, 1996). Like The titration behavior of reduced thioredoxin has defied

the previous workers, we conclude that this value reflects straightforward interpretation (Holmgren, 1972; Reutimann

the titration of Cys32. et al., 1981; Dyson et al., 1991, 1997; Li et al., 1993; Jeng
The titration curves in Figure 3, panels A and C, reveal et al., 1995; Wilson et al., 1995; Jeng & Dyson, 1996;

the presence of twolas. The titration of the wild-type  Takahashi & Creighton, 1996). The difficulty in determining

enzyme has an obvious inflection (Figure 3A), which is PKavalues in reduced Trx results largely from the proximity

absent in the titrations of CWGC Trx and CVWC Trx (Figure Of three titrating groups (Asp26, Cys32, and Cys35) in the

3C). The physical basis for this inflection is discussed below. active site (Figure 1). Here, we have us&-NMR

In the titration of the variants (Figure 3C), a distinct second Spectroscopy, site-specific isotopic labeling, and site-directed

transition was observed above pH 8 34-NMR spectrain ~ mutagenesis to address this complexity.

this pH range gave no indication that the enzymes are Nearby titrating groups with similarif, values can exhibit

unfolding (data not shown). This second transition therefore microscopicpK,s (Edsall & Wyman, 1958). [For a recent

results from the deprotonation of a functional group in the example of a thorough analysis of microscopi.p see

variants. This functional group could be either Asp26 or Mcintosh et al. (1996).] Microscopic Kas arise from
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Coulombic interactions that create either positive or negative 328
cooperativity. Wyman and Gill (1990) have presented a 35 SH
comprehensive analysis of such cooperativity in the titration K 26 CO,H oK.
of protein functional groups. In addition, equations for fitting 323% II \COzH
independent (eq 2) and dependent (eq 3) titration curves are
known (Shrager et al., 1972). Previous interpretations of 35 gH 305" Kissn 325
the pH-titration of Trx have not considered the possibility 35 SH 358H ——— 35S
of microscopic K.s (Dyson et al., 1991, 1997; Jeng et al., 26 COH 26 CO,~ 26 CO,~
1995; Wilson et al., 1995; Jeng & Dyson, 1996), despite the I v \%
proximity of Cys32, Cys35, and Asp26 (Figure 1). K. \ /
2 o . COH CKaash

Eliminating the Asp26 titration by mutation or the Cys32 32 SH
titration by oxidation simplifies the titration behavior. 35 SH
Replacing the carboxyl group in residue 26 produces Trx 26 CO,p~
variants with well-defined titration curves (Figure 3B). 111

These curves can be fitted to a singl€;walue for Cys32  Figure 4: Proposed microscopic acid dissociation equilibria for
[Table 2 (Wilson et al., 1995; Dyson et al., 1997)]. The the active-site residues of reduced thioredoXg.sy and Kcon

pK, of 7.5 determined from these curves is likely to be similar are equivalent t&; andK; in eq 3, respectively.

to that of Cys32 in wild-type Trx when Asp26 is protonated .

because the net charge on both enzymes is identical. In arFquation 4 and the values oKgesnand Kcon can be used
analogous manner, thé&gof Asp26 when Cys32 and Cys35 to determine the value df, which provides a measure of
are protonated can be estimated from its titration in oxidized the extent of the interaction between Asp26 and Cys32 (vide
Trx. This Ka (as reported by signals from the nearby infra).

cysteine residues) is also about 7.5 [Table 1 (Dyson et al., Microscopic (K, values and chemical shift values for
1991; Langsetmo et al., 1991)]. Previous titrations of Trx specied—IV can be determined by fitting experimental data
in which Cys32 had been modified with a carbamoylmethyl to eq 3 (Shrager et al., 1972). To determine these values,
group revealed alf, of 7.58 for Asp26 (LeMaster, 1996). we fitted the pH dependence of the chemical shifts of the
The structure of this modified Trx was virtually identical to  *3C# nuclei of Cys32 in reduced wild-type Trx to eq 3 by
that of the reduced enzyme (LeMaster, 1996). The similar assigning g, = pKcoyq = 7.5 andA“AH = 1.1 ppm? These
pKa values for Asp26 and Cys32 together with the proximity constraints were derived from the values for oxidized wild-
of Asp26 and Cys32 (Figure 1) and the sensitivity of the type Trx (Figure 2A and Table 1). The resulting fits are
NMR chemical shift of3C# of Cys32 to the ionization state  shown in Figure 5A, and the correspondiri¢sand chemical

of Asp26 (Figure 2A) necessitate the consideration of shift values are listed in Table 3. A fit of the same data
microscopic K, values for Asp26 and Cys32. Here, with pK; = pKssy= 7.5 andAHA™ = 4.0 ppm, which are
Coulombic interactions between Asp26 and Cys32 are likely the values determined for D26L Trx (Figure 3B and Table
to exhibit negative cooperativity because both residues 2), yields values for K, = pKcon and c that differ
become anionic upon deprotonation. insignificantly from those in Table 3. Thus, the system is

The titration behavior of CVWC Trx and CWGC Trx robust, yielding the same values if eithéyand AHA™ or
support an analysis based on microscopig yalues. The pl_<2 and A“AH are constrained. The two other curves in
titration observed in the variants at pHD (Figure 3C) must ~ Figure 5A were also constructed with eq 3, but by assuming
be reporting on the ionization of an enzymic group. This thatc =1 and that the K, of Asp26 is always 7.5 (lower
ionization is unlikely to be that of Cys35 because the change Curve) or always 9.5 (upper curve). The poor quality of these
in chemical shift of thé3C# nuclei of Cys35 is not downfield fits confirms that Cys32 interacts with another residue during
(as expected for a thiol titration) but upfield. Indeed, the its titration. Finally, Figure 5B depicts a similar analysis of
change in chemical shift is similar to that observed in the microscopic Ka values and chemical shift values of
oxidized Trx (Figure 2A) as well as the carbamoylmethylated CVWC Trx, which behaves in a manner similar to that of
enzyme (LeMaster, 1996). So, we conclude that abgH ~ CWGC Trx (Figure 3C).
the 13C# nuclei are reporting on the titration of Asp26. The  We thus conclude that the titrations of Asp26 and Cys32
ionization of Asp26 is apparent in the titration of CYWC in wild-type Trx are described better in terms of microscopic
Trx and CWGC Trx because it is not obscured by the pKas than by two noninteractingkes. When Asp26 is
ionization of Cys32, which has a lowKp in these variants ~ protonated, the microscopicKp of Cys32 is 7.5. When
[Table 2 (Chivers et al., 1996)]. In contrast, Asp26 and Cys32 is protonated, the microscopik of Asp26 is 7.5,
Cys32 have similar I§; values in wild-type Trx. Accord-  similar to that of the oxidized enzyme. In contrast, when
ingly, the titration of Asp26 is indistinct in the change in Cys32 is unprotonated, the microscopi¢,pf Asp26 is 9.2.
chemical shift of thé3C? nuclei of Cys32 and Cys35 inthe Likewise, when Asp26 is unprotonated, the microscopig p
wild-type enzyme (Figure 3A). of Cys32is 9.2. The extent of the interaction between Asp26

Microscopic [K. values are related by the thermodynamic and Cys32 can be described by the parametes defined
box depicted in Figure 4. Becauskgis a state function,  in Figure 4 (Wyman & Gill, 1990). In the wild-type enzyme
complete titration by the path— Il — IV is identical to ¢ = 0.020 (Table 3), which means that strong negative
that by the pati — Il — IV. In other words, the four

distinct titrations are related by eq 4: 4 A refers to a chemical shift difference between two protonation
states. For examplé\~AH refers to the difference between 26&0

— and 26CQ-, as observed at/f Cys32. For each protein examined,
PKazsh T p(CKCOzH) pKCOzH + P(CKs) (4) values ofA vary much less than do values &f
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Ficure 5: Fit of experimental data to titration curves with
dependentigss (eq 3). (A) Wild-type thioredoxin (Trx). (B) CVWC
Trx. The K, and13C chemical shift values are listed in Table 3.
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Ficure 6: Calculated fraction of molecules with deprotonated
Cys32 as a function of pH for wild-type thioredoxin and CVWC
thioredoxin. Curves were calculated from the sum of speliies
and|V divided by the sum of specids-1V (Figure 4) using data
in Figure 5 (Table 3).

0.0

protonated in this variant, thekg of Cys32 is 6.16. This
value is within 0.2 pH units of that determined by fluores-
cence titration (Chivers, 1996; Chivers et al., 1996). As a
consequence of this lowif, only a small fraction £4%)

of reduced CVWC Trx is ever found as specils (Figure

4). Although strong negative cooperativity still exists during
the titration of the CVWC enzyme, which has= 0.012,
the greater separation of the Asp26 and CysRR ymlues
diminishes the influence of this cooperativity and yields two
almost independent titrations (Figure 6). The low,mpf
Cys32 in reduced human Trx could have a similar effect
(Forman-Kay et al., 1992).

None of the published NMR titration data is in discord

The other curves are fits of the experimental data to eq 3, assumingwith our analysis. Two titration steps were observed when

thatc = 1 and that the I§, of Asp26 is always 7.5 (lower curve)
or 9.2 (upper curve).

Table 3: Microscopic [, Values and Chemical Shift Values from
the Analysis of the pH Dependence of the Chemical Shifts of the
13C# Nuclei of Cys32 and Cys35 in Reduced
[*3CP-Cys]Thioredoxind

thioredoxin
parameter wild-type CcvwcC
pKazg! ™M) 7.50 (0.04) 6.16 (0.02)
pKCQZH(IQHI) 7.50 (004) 7.50 (004)
pKazsH™" —V) 9.20 (0.06) 8.08 (0.32)
pKcon™ V) 9.20 (0.07) 9.42 (0.33)
c° 0.020 (0.003) 0.012 (0.009)
OHAH 25.28 (0.03) 25.84 (0.05)
OHA— 29.28 (0.20) 28.74 (0.10)
O0-aH 24.18 (0.20) 24.80 (0.10)
O0az- 28.88 (0.16) 28.26 (0.05)

a Titrations were carried out at 308 K in 0.1 M potassium phosphate
buffer containing DTT (5 mM). Values were determined by fitting the
experimental data to eq 3, which accounts for interaction between
titrating groups. HereK; is Ksosy andK is Keon. Species —IV refer
to Figure 4. Chemical shift values are in ppm. Errors were estimated
from the deviation of the best fit to eq 3¢ = Kaps™ ~V)/Kgos ~1).

cooperativity exists for the deprotonation of Asp26 and
Cys32% Indeed, deprotonation of Cys32 is impeded by a
deprotonated Asp26 (and vice versa) by an interaction
energy,AG = —RTIn ¢ = 2.4 kcal/mol at 308 K.

The effect of this cooperativity is apparent in comparisons
of wild-type Trx and the CVWC enzyme. When Asp26 is

the pH dependence of the chemical shift of Asp26 was
monitored directly in reduced Trx (Jeng & Dyson, 1996),
but these data were fitted with an equation for oKg. g he
second K, is likely to be from the dissociation of a proton
from Asp26 in those molecules in which Cys32 had titrated
first. Thel3C chemical shift of Cys32 in thé{C’-Cys]Trx
variants increases by-3! ppm upon increasing the pH from
4 to 12 (Table 2). A similar increase was found for wild-
type [FCA-Cys]Trx when the experimental data were fitted
to eq 3.

The pH dependence of thHéC’ resonance from Cys35 in
Trx in which Cys32 is carbamoylmethylated and thus neutral,
rather than anionic, at high pH, reveals &,pof 11.1
(LeMaster, 1996). Our titration data show no evidence for
the deprotonation of Cys35 in the pH range studied for any
of the Trx variants with the exception of D26L Trx. Even
in that enzyme, Cys35 ha&p> 11. Such a highl§, value
for this residue is not surprising. Cys35 is a buried residue
in an environment of low dielectric constant (LeMaster,
1996). In addition, as the pH of the solution is increased,
both Asp26 and Cys32 will become anionic, making the
deprotonation of Cys35 difficult. A highkq, value for Cys35
does not conflict with the mechanistic role of this residue.

5For comparison,c 0.006 for the complete ionization of
thioglycolic acid, HQCCH,SH [Kellogg et al. (1996) and R. S. Brown,
personal communication]. The magnitude of the valuec dér the
Asp26--Cys32 interaction is striking because, unlike in thioglycolic
acid, the inductive effect in thioredoxin has a negligible through-bond
component.
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