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ABSTRACT: The structural integrity of the isolated N-domain (residued.14) of Bacillus stearothermo-

philus 3-phosphoglycerate kinase (PGK) has been investigated using heteronuclear NMR spectroscopy.
Analysis of13C chemical shifts, amide protection, and comparison of observed and expected sequential
NOE intensities calculated from the crystal structure of the domain in the intact protein indicate that the
secondary structure of the isolated domain is unchanged from that found in the intact molecule. Markedly
shifted'H resonances, amide protection, and long-range NOEs indicate that the tertiary structure is similarly
unaffected. These results are confirmed by an excellent agreement (standard deviation 0.28 ppm) between
observed M chemical shifts and those calculated from the high-resolution (1.6 A) crystal structure of
intact PGK [Davieset al. (1994)Acta Crystallogr. D50 202—-209]. The only region perturbed by loss

of interactions with the C-domain is a small portion of the substrate-binding site (residued32)8

whose amide protons are poorly protected from solvent. These results provide a structural basis for the
analysis of the folding of the domains of PGK as isolated units and within the intact molecule [Biarker

al. (1996)Biochemistry(in press)] and contrast with the notion that the native tertiary fold of the N-domain

of PGK requires the whole polypeptide chain, including the entire C-domain ¢iks(1995)Biochemistry

34, 7931-7940]. Assignments of backbodéC, 15N, HN, and H* resonances are provided.

3-Phosphoglycerate kinase (PGK) is a monomeric 45 kDa structurally similar, each consisting of a core of a six-stranded
protein which has been used extensively as a model toparallel 5-sheet surrounded byg-helices. There are two
investigate interdomain interactions during folding (Parker major links between the domains, comprisinghelix V
et al, 1996a) and within the native state (Ritco-Vonsovici which runs from the N-domain through to the C-domain and
et al, 1995; Maset al, 1995). The crystal structures of the C-terminabi-helices XIIl and XIV which loop back onto
horse muscle (Bankst al, 1979), yeast (Watsoet al, the N-domain (Figure 1). Examination of the position of
1982), pig muscle (Harloet al, 1992) andBacillus totally conserved residues of PGK from various species
stearothermophilugDavies et al, 1994) PGKs are very  shows that thiso-helical interdomain region is highly
similar. The protein consists of two domains, referred to as conserved (Jua& Williams, 1993). It has been suggested
the N- and C-domains, which are of approximately the same that this region has a role in the hinge-bending rearrangement
size and are separated by a deep cleft. These domains argf the enzyme that is proposed to take place during catalysis
(Bankset al, 1979) and, furthermore, that this region has a
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Ficure 1: Three-dimensional structure 8f stearothermophilus
3-PGK (Daviest al, 1994) illustrated using MOLSCRIPT (Kraulis,
1991). The isolated N-domain studied here (bsPGKI[14]) is
unshaded; the dotted line in the middle of helix V indicates the
truncation point at residue 175. Residue A94 which is homologous
to the single cysteine in the N-domain of yPGK is shown. Other
residues highlighted in the N-domain are those used to provide
evidence of strong tertiary interactions in bsPGK[I74], as

Hosszu et al.

crystal structure of the intact protein, whether the domain is
folded but significantly different from the crystal structure,
or whether it is partially structured. This is especially true
for the N-domain, given the ambiguity in the interpretation
of its structural integrity in the genetically engineered mutants
of yPGK described above (Minardt al, 1989; Ritco-
Vonsovici et al, 1995; Maset al, 1995). In order to
investigate this, we have analyz##land**C chemical shifts,
NOEs, and amide protection of the isolated N-domain of
bsPGK (bsPGK[+174]) in solution. These measurements
can be used as efficient and diagnostic probes of the
secondary and tertiary structure of the protein. In addition,
a comparison with the NMR data of Fairbrotlegral. (1989)

on the isolated yeast N-domain, yPGK{184], is made in
order to gain further insight into the structural nature of the
isolated yeast N-domain and the C-terminally truncated
mutants produced by Mag al. (1995) and Ritco-Vonsovici

et al. (1995).

EXPERIMENTAL PROCEDURES
Sample Preparation bsPGK[1-174] was expressed and

described in the Results section. The C-terminal peptide and apurified essentially as previously described (Par&eal.,

portion of the 3-PGA binding loop which interacts closely with it
are shaded in black. Residues 381 and 384 which are homologou
to the C-terminal residues in the truncation mutants produced by
Maset al. (1995) and Ritco-Vonsoviat al. (1995), respectively,
are also indicated.

al. 1989; Minardet al. 1989). In contrast, the results of Mas

et al. (1995), who studied a C-terminal truncation mutant
yPGK[1-400], implied that loss of the last 15 residues from
the full-length protein resulted in a change in structure of
both domains, with the N-domain exhibiting characteristics
of a molten-globule state. Specifically, the N-domain was

S

1995) with the following modifications. First, in order to
prevent proteolysis of bsPGK{1174] during purification,
100uM DCI, 100uM 1,10-phenanthroline, and 20M E-64
were added to the sonication buffer prior to cell disruption.
Second, the final gel-filtration step was replaced with ion-
exchange chromatography using SP-Sephadex C-25 (Sigma).
bsPGK][1-174]-containing fractions previously eluted from

a Q-Sepharose column as described in Pagkex. (1995)
were equilibrated by dialysis against 40 mM sodium acetate
buffer, pH 5.5, containing 5 mM sodium azide. The
combined fractions were loaded onto an SP-Sephadex C-25

judged to have retained most of its secondary structure while -4;,mn equilibrated with the same buffer. Elution of
losing tertiary interactions, and thus it was proposed that the bsPGK[1-174] from the column was carried out by a single

native tertiary fold of yPGK, and in particular the N-domain,
requires the whole polypeptide chain. Conversely, an
independent study of a slightly longer form, yPGK{403],
indicated that this mutant exhibited structural properties that
were very similar, at least qualitatively, to those of the
isolated domains (Ritco-Vonsovia@t al, 1995). These

pH jump with 50 mM TEA, pH 8.5. The protein was95%
pure as judged by SDFAGE.

Uniformly 1®N-labeled protein samples were prepared
using an EMBL minimal media recipe with®NH,),SO, as
the sole®™N source. A 12 md>N/*=C-labeled sample was
prepared by the same procedure but with the additidff

workers proposed that the C-terminal region was not Neces- . led alaal hvdrolvsate as the s&l€ source
sary for the tertiary fold of the domains but was required to gal hydroly T

“lock” the protein into its active conformation. Conse-  NMR samples were prepared by dialysis against 50 mM
quently, there is some doubt as to the nature of the quasi-POtassium phosphate buffer, containing 5 mM sodium azide,
native structures of the domains of the yeast enzyme,@nd at pH 6.6; 10% (v/v) ED was added as the internal
particularly the N-domain, in both their isolated form and 10¢k- Thlf_f final protein concentratlonls were 2 mM unlasbeled,
as part of the C-terminally truncated mutants. 3.5 mM®N-labeled, and 1.3 mMPN/**C-labeled. The®N

Recently, we have studied the refolding of the homologous "élaxation times and amide proton linewidths indicated that

protein fromB. stearothermophilugsPGK). By compari-
son of the kinetic and equilibrium energetics of folding of
the two domains in the intact molecule, and as isolated
domains, bsPGK[E174] and bsPGK[186394], it has been

the protein was monomeric at these concentrations.

For the determination of amide protons protected from
solvent, a'>N-labeled sample of bsPGKH174] was dia-
lyzed extensively against water, lyophilized, and redissolved

suggested that interdomain contacts only become established" 20 mM potassium phosphate and 1 mM DTT, pH 6.70

late in the folding pathway and that they contribute relatively
little to the stability of the folded ground state (Parletr

al., 1995, 1996a). This energetic autonomy is indicated by
a close similarity in the thermodynamic properties of the
intermediate and transition states for folding of the intact
protein and the isolated domains. It is important in compar-
ing the energetics of folding of intact bsPGK, and the isolated
domains, that the nature of the “folded” state of each is
known. In particular, it is necessary to determine whether

(pH uncorrected for isotope effect), in 100%@ The
occupancy of protons was measured from a serie$ief

15N HSQC spectra (Bodenhausen & Ruben, 1980). Acquisi-
tion of the first experiment began within 35 min of
redissolving the protein sample.

The loss of'H and >N chemical shift dispersion upon
denaturation was determined by titrating ‘&N-labeled
bsPGK[1-174] sample [prepared as described abe®@%
(v/v) H,O] with aliquots ¢ 6 M GUHCI in 50 mM potassium

the structure of the domains is essentially the same as in thephosphate, pH 6.6. Following each addition of GUHCI, the
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sample was equilibrated for 45 min at 298 K and‘aih- E93 A94 V95 G96

15N HSQC spectrum recorded at the same temperature. 1160 1;‘2":;“11‘(‘,1“ 83 15N (ppm)
NMR SpectroscopyNMR experiments were acquired on o= =]

a Bruker AMX-600 spectrometer [HNCA, CBCANH, CB- S I I el =

CA(CO)NH] and a Bruker AMX-500 spectrometer (all = 2|3 el

others). Water suppression for the HNCA, CBCANH, and Rl=l®|_ e

CBCA(CO)NH experiments was achieved using pulsed-field ®

gradients (Kay, 1993); in all other experiments presaturation T

during the relaxation delay between scans was used. Quadra- (@ == Z_g:g—?“

ture detection in the indirectly detected dimensions was

accomplished using either StatéBPPI (Marion et al,

1989a) or TPPI (Marion & Wuthrich, 1983) methods. - TR
The following experiments were recorded, essentially as ' ' B

described in the accompanying references: CT-HNCA, CT- | ___’ R 2
HN(CO)CA, CT-HNCO (Grzesiek & Bax, 1992a); HN(CA)- ol. &
CO (Clubb et al, 1992); CBCANH (Grzesiek & Bax, el T
1992b); CBCA(CO)NH (Grzesiek & Bax, 1992c}5N- ol %
separated TOCSY-HMQC, mixing time 60 mM3\-separated (b) [ [ o
NOESY-HMQC, mixing time 100 ms (Marioet al., 1989b); g o ca

2D DQF-COSY (Rancet al, 1983). A table of acquisition R PG
times of the multidimensional NMR experiments used to oI~ = |
assign bsPGK[+174] is available as Supporting Informa- Cwlt -
tion. All experiments were run at 298 K apart from the , Colwo
HNCO and HN(CA)CO experiments (318 K) and tHal- © Cg)__? Cpl @ &
separated TOCSY-HMQC and NOESY-HMQC experiments ol ®C

| >
~
-

(both 298 and 318 K). (D)
NMR Data Processing and AnalysilNMR data were 7.38 9.03 7.00 8.67 NH (ppm)

processed and analyzed on Silicon Graphics WorkstatlonsFIGURE 2: 15 slices through (a) 3B°N-separated NOESY-HMQC,

using Felix 95.0 software (Biosym Technologies, Inc., San b) 3D HNCA, and (c) 3D HN(CA)CO spectra, arranged to illustrate

Diego). Proton chemical shifts were referenced to internal the sequential assignment process. Slices are taken &l
TSP. *N and*C chemical shifts were calculated relative (Fs/F,) frequencies of the backbone amide resonance of each
to TSP, using the gyromagnetic ratios '8, 1°C, and'H. Les[due. ??quentlaﬂmm anddyn NEES md(a) are mafkef' gy f(%“d

H : orizontal lines connectlng peaks In a jacent strlps. nt)aal
ReS|duaI splvent resqnanpes were remo"e‘?' by applying ainter- ( — 1) residue € and C correlations, panels b and c,
time-domain convolution filter as described in Waltho and yegpectively, are also indicated.

Cavanagh (1993) and Craven and Waltho (1995).

Assignment of Backboriéi and *°C Resonances The Chemical Shift CalculationsThe CSI program of Wishart
NMR signals of thé3C®, **N, and'H" nuclei were correlated  and Sykes (1994) was used to calculate the chemical shift
using the HNCA and HN(CO)CA experiments. Degeneracy index profile of bsPGK[+174] using the assigned HC?,
in the C* resonances precluded complete assignment solelycs and C chemical shifts. Théotal program of Williamson
through () and {—1) C* correlations. The two Cexperi-  and Asakura (1993) was used to calculate proton chemical
ments were of relatively low sensitivity, reflecting the shifts for bsPGK[+174], using residues -1174 of the
protein’s correlation time; the CBCA(CO)NH yielded 40% pspGK crystal structure (Davies al, 1994) Total calcu-
of the possible interresidue’Correlations and the CBCANH  |ates the proton chemical shifts from atomic coordinates on
20% of the possible intraresidué Correlations. However,  the basis of an empirical model including separate terms for
these @ experiments did provide valuable information on  ring current shifts, CO and CN anisotropy, and electric field.
amino acid type through analysis of hemical shifts. The Al backbone and well-resolved methyl resonances markedly
HNCO and HN(CA)CO experiments were of sufficient shifted by ring-current shifts{—0.5 ppm), according to the
sensitivity to resolve virtually all of the €(i) and {(—1) total chemical shift calculation, were examined for their
correlation ambiguity (Figure 2). Connectivities in the triple- gphserved chemical shifts.
resonance experiments were independently investigated Comparison of Obseed and Predicted Sequentialdand
through the use of strondj(i,i+1) NOE connectivities in g, NOE Intensities NOE intensities were measured as peak
o-helical stretches of the protein and weakn(i,i+1) heights in the*N-separated NOESY-HMQC spectralyy
connectivities in some more extended regions. Using theseanddy,, distances<3.5 A in the N-domain were calculated
connectivities, coupled with characteristi¢ &hd & chemi- from the bsPGK crystal structure (Davies al, 1994),
cal shifts and side chain information from tHél-separated  converted to NOE intensity using the simple inverse sixth

TOCSY-HMQC experiments, it was possible to link up power relationship, and calibrated using the general envelope
unambiguous sequence-specific stretches of the protein togf the observed NOEs.

give the full backbone and significant side chain resonance
assignment (Figure 2). RESULTS

Almost all non-proline M resonances were identified in Spectral Dispersion of bsPGK{4174]. The!H and the
the 2D DQF-COSY and 3D TOCSY-HMQC spectra. The !N chemical shifts of bsPGKE174] are indicative of a
H resonances of the proline residues P25, P87, and P164rotein containing a well-defined tertiary structure. To
were assigned using very largen(i,i+1) NOEs observed illustrate this, the 200 H—N HSQC spectrum of bsPGK-
in the 1°N-separated NOESY-HMQC experiments. [1—174] in 50 mM potassium phosphate (pH 6.6 and 298
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: in Figure 4). (The specific tertiary interactions that give rise
to these shifted resonances are described later.) In addition,
the aromatic region of thiHH COSY spectrum at 298 K (data

° . ) not shown) shows the excellent dispersion characteristic of
_ a folded protein. This dispersion is maintained at 318 K
i (45 °C) for the duration of the 3D heteronuclear NMR
& experiments (34 days), indicating that the fold is stable
BZ over this temperature range.

'_I'

45}

Secondary Structure of the Isolated DomaiRigures 5
and 6 summarize the NMR data that characterizes the
secondary and tertiary structure of bsPGK[I74]. The
- intensities of the observeatin(i,i+1) anddn(i,i+1) sequen-
Las tial NOEs in Figure 5 show very good agreement with the
—_———— 2 predicted intensities calculated from the crystal structure of

10.0 9.0 8.0 7.0 6.0 bsPGK. This provides strong evidence that théelices

F2-'H (ppm) andS-sheet of the isolated domain are intact and that little

FicuRe 3: 2D H—15N HSQC spectrum of uniformigéN-labeled chgnge in sepondary structure has occurred upon truncati_on.
bsPGK[1-174]. The spectrum was recorded at 298 K on a 3.5mM T his conclusion is supported by secondary structure predic-
sample in 50 mM potassium phosphate, 5 mM sodium azide, pH tion based on the CSI analysis of observed €& , C*, and
6.6, and 90% kKD/10% D,O. Cross-peaks arising from the “basic  C’' chemical shifts (Wishart & Sykes, 1994), which also
patch” 3-PGA binding site residues are shown. shows very good agreement with the crystal structure. For
example, the NOE and CSI data clearly show that helix |
(residues 3549) is divided into two parts. This is the result
of the presence of a highly conserved proline residue (P42)
which “kinks” the helix, altering its direction to allow certain
residues, including R36, to interact with 3-PGA in the basic
patch (Davie®t al, 1994). This appears to be unaltered in
bsPGK[+174].

The local structural integrity of thg-sheet is confirmed
by the presence of downfield-shifted Hesonances that show
large HY/NH J-couplings and also by the very good agreement
between the observed and calculated NOE intensities. Of
particular note are the medium-intensity sequedtigiNOEs
' r of the 3-PGA-binding residue H59 and residue V142 which

0.4 0.0 0.4 ! : .
1H (ppm) are in regions of very strong sequentigl, NOEs and agree

Ficure 4: Upfield region of the 10H NMR spectrum of 3.5 mM closely with the calculated NOE intensities. Importantly,
15N-labeled bsPGK[%174], illustrating the presence of markedly ~long-range NOEs betweerrtdnd H' protons are seen across
shifted methyl resonances. The peaks-&31 and—0.22 ppm a large portion of the parallgd-sheet, indicating that the

originate from the M and H? groups, respectively, of 1159, and  organization and register of tifiesheet is unchanged (Figure
the peak at-0.50 ppm originates from the the’Hgroup of V20. 6)

The sharp peak at 0 ppm is the TSP resonance used for referencing ’*

TSP

spectra. Sample conditions were identical to those in Figure 3. An interesting example is helix V. This helix is cleaved
in the middle to form bsPGK[2174] and may be expected
K) is shown in Figure 3. Overall, botiH and *N to be destabilized by loss of interactions with its C-terminal

resonances show very high chemical shift dispersion for residues. According to the NMR data this helix has remained
bsPGK[t-174] in the absence of denaturant, whereas, in intact in bsPGK[*-174] and retains a close interaction with
contrast, the corresponding spectrum in 1.35 M GuHCI residue D144 present in the intact protein (see Figure 6).
exhibits littleH chemical shift dispersion (data not shown). The only region which appears to have been perturbed by
Under the latter conditions, the unfolded state of bsPGK- the loss of interactions with the C-domain is a portion of
[1—174] is the overwhelmingly populated species (Parker the 3-PGA-binding site (residues 14852). In the crystal

et al, 1995). In Figure 3 the amide resonances of residuesstructure of intact bsPGK, residues 34#8 form a short
involved in 3-PGA binding are shown, the so-called “basic- helical stretch. The amide protons of this region of bsPGK-
patch” residues (Bankst al,, 1979). In the isolated yeast [1—174] are not strongly protected from exchange with the
N-domain, yPGK[1184], undetectable substrate binding and solvent and are bleached to varying degrees by the presatu-
pKa measurements indicated that the 3-PGA binding site wasration used in the NOE experiments. At the temperature
disrupted (Fairbrotheet al, 1989). In bsPGK[+174] and pH used, such rapid exchange rates correspond to
3-PGA also fails to bind (data not shown); however, several protection factors of the amide protons of less than 10, and
of these substrate-binding residues exHidithemical shifts hinder the observation of sequentiay NOEs. Thus, NOE

far from random coil values (especially R19, D21, and R36), evidence of structure within this region was not available.
indicating that a significant proportion of the 3-PGA binding Nevertheless, the CSI analysis for this region shows no
site is still highly structured. The 1EH NMR spectrum of evidence for a helical segment involving residues-1248,
bsPGK[1-174] (Figure 4) shows several markedly upfield- whereas it predicted very accurately all other helical stretches
shifted methyl resonances, indicating that the isolated domainin the protein. Examination of the crystal structure shows
contains close-packed tertiary structure, including three that this loop region of the protein would be left completely
resonances with chemical shifts of less than 0 ppm (identified solvent exposed on removal of the C-domain. It is note-
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Ficure 5: Summary of data used to determine the secondary structure of bsPGRJ]L (i) Observed sequentiajn(i,i+1) anddyy

(i,i+1) NOEs in bsPGK[+174] compared with predicted NOE intensities calculated from the structure of the domain in intact PGK
(Davieset al,, 1994). The height of the bars for the NOEs is proportional to the intensities of the observed and calculated NOE cross-peaks.
(i) Chemical shift index profile calculated by the program CSI (Wishart & Sykes, 1994) using assign€d, KI?, and C chemical shifts.

(iii) Secondary structure elements of the N-domain in inBacitearothermophiluBGK calculated by thdsspprogram (Kabsch & Sander,

1983) from the crystal structure of bsPGK (Davétsal, 1994).a-Helices are represented by cylinders @hsheet strands by arrows. The

five main a-helices in the domain are labeledV.

o (M2BH%)

FiGure 6: Schematic diagram of the secondary structure and amino acid sequence of bsR@H[IResidues shaded are those which
showed cross-peaks in thel—1N HSQC spectrum 1.5 h after a lyophilized sample of bsPGK[24] was dissolved in 100% £, 20

mM potassium phosphate, and 1 mM DTT, pH 6.70. Long-ranga+5) de anddyy NOEs observed<3.5 A) are marked with arrows.
All but two of the NOEs expected from®and H' protons within 3.5 A in the crystal structure of the N-domain in intact bsPGK were
observed. This distance was the limit of the sensitivity of the NOESY-HMQC experiments used. In the dgsBlOESs the arrow points

to H* of the pair.

worthy, however, that residues spatially close to this segmentprotection is concentrated in the first two-thirds of the protein,
retain a high degree diH chemical shift dispersion (see with the final third showing markedly lower protection,
Figure 3), and sequential NOEs on either side of this region indicating that this region may be less stable than in the
agree closely with values calculated from the crystal native protein, most likely due to the loss of interactions with
structure. Also, predicted long-range NOEs to the amide the C-domain.
proton of residue A154 are present. This indicates that Tertiary Structure of the Isolated DomainDespite the
disruption of the secondary structure of bsPGK{Ir4], if much lower amide protection in the last third of the bsPGK-
any, is localized to this exposed loop region (Figure 6).  [1—174], long-range tertiary contacts expected from the
Amide Protection The amide-exchange data show that crystal structure of the domain in intact PGK are observed,
a significant portion of the protein is highly protected indicating that the native tertiary fold of the isolated
from solvent (72 out of the 167 amide protons), including N-domain is intact. For example g NOEs between the
the first five strands of th@-sheet and the fous-helices amide proton of A167 and the®Hof T5, and the amide
(Figure 6). The residues shaded in Figure 6 have protectionprotons of M171 and G168 and the* ldroton of D144, are
factors exceeding 5000, in many cases substantially so.observed. Together with the long-range NOEs to the basic-
In the crystal structure of the domain in intact PGK patch region mentioned earlier, it appears that although this
these regions constitute the core of the protein. This portion of bsPGK[1174] shows little or no protection, the
indicates that the core tertiary structure of bsPGK|[1 tertiary structure found in the crystal structure is still
174] is extremely stable. In terms of sequence, amide maintained as the predominant conformer.
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N

Ficure 7: Space-filling model of the C-domain of bsPGK and residues involved in specific tertiary interactions in bsPiG¥]1as

described in the Results section. Residues in bsPGKTH4] containing protons significantly shifted by close interactions with aromatic
groups are in green, while the corresponding aromatic groups are in red. Remaining residues in the N-domain are depicted as white wire
frames. The portion of the 3-PGA binding site that is perturbed by loss of the C-domain is in cyan. The diagram was prepared using
Rasmol version 2.5 (R. A. Sayle, Glaxo Pharmaceuticals).

Further evidence that the tertiary structure is maintained
throughout bsPGK[£174] comes from markedly shifted
methyl, H*, and HN protons. These shifted resonances are
caused by highly specific “face-on” interactions with aro-
matic rings. These close tertiary interactions found in the
domain in the intact protein are retained in the isolated
N-domain. For example, the two most upfield-shifted
resonances calculated from the structure of the domain arise
from the H! and H? groups of 1159. These groups lie
against the aromatic rings of F17 and Y141, respectively, in
the crystal structure. These interactions are observed in -2
bsPGK][1-174], with the two groups showing highly shifted
resonances at0.22 (1159 K% and—0.31 ppm (1159 k) 5 1 0 ] o
(see Figure 4). Only the resonance which arises from the Observed shift
interaction of V20 H! with the aromatic ring of F22 is more  Figure 8: Comparison of calculated and observesl dhemical
upfield shifted ¢0.50 ppm). This shows that in these shifts of bsPGK[+-174], expressed as differences from random
portions of the protein the tertiary structure is intact and the coil values. H shifts were calculated using thetal program of
packing of the side chains is highly ordered. This is of Willlamson and Asakura (1993).

particular interest as residue 1159 is adjacent to the C-terminaluted throughout the isolated domain (see Figure 7), including
peptide in the intact protein, and yet the tertiary structure is regions which are in close contact with the C-terminal
apparently not perturbed in bsPGK{174] (Figure 7). peptide. Overall, the rmsd between observed and calculated
Also of note are the upfield-shifted resonances of V&7 H H® chemical shifts is 0.28 ppm (Figure 8). This compares
(1.67 ppm) and V68 M (5.44 ppm), which are caused by very favorably with rmsd values calculated for a wide range
the aromatic ring of F119, and the*lgrotons of K132 (3.04  of intact (i.e., untruncated) fully folded proteins (Williamson
ppm) and E124 (3.48 ppm), which are packed against theet al, 1995). Coupled with the good agreement of the
aromatic rings of Y162 and the basic-patch residue H153, calculated and observed NOE afitiland3C chemical shift
respectively. These specific tertiary interactions are distrib- data throughout the protein, it appears that the structure of

Calculated shift
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the isolated domain closely resembles the crystal structurestructural properties that were very similar to their quasi-

of the domain in the intact protein. native isolated forms, yPGK[1185] and yPGK[187#413]
(Minard et al, 1989; Fairbrotheet al, 1989).
DISCUSSION The tertiary structure implied by the widél chemical

dv of th | foldi h £ b shift dispersion in bsPGK[t174] bears no resemblance to
Study of the comp ete_ refolding pat way o intact S.PGK the fluctuating side-chain environment postulated for classical
reveals that both domains of the protein collapse rapidly to molten-globule states (Ptitsyn, 1992). In support of the
intermediate states in which short sequence-range interaCtion%ypothesis that yPGK[2403] folds to a conformation similar
dominate (Parkeet al, 1996a,b). The (_astablishmept .o.f long- to that of the full-length protein, the 1BH NMR spectrum
range contacts occurs more slowly, with the rate-limiting step gy yipjited well-dispersed resonances (Ritco-Vonscefiil,

in the overall folding pathvyay being the acquisition of native 1995). The dispersion is similar to that of wild-type yPGK
structure of the C-domain in the presence of the folded o characteristic of a structured protein. Indeed, given only

N-domain. T_h_e thermodynami_c properties of the inte_rmedi- the partial loss of intensity in the near-UV CD spectra
ate and transition states of folding of the domains as 'SOIatedreported for both C-terminally truncated yeast mutants

gnits and v_vithin the yvhole molecule are very s_imilar. By yPGK[1—400] and yPGK[+403], compared with the full-
inference, interdomain contacts are only established late inje, 4h ' hrotein, the similarity of the nature of the N-domain
folding, suggesting a high Qegree of structural autonomy. properties in yPGK[+403] and yPGK[+184], and the wide
However, such a conclusion can only be secure with dispersion in the!H NMR spectrum of yPGK[184]
knowledge of the nature of the folded states of the isolated (F5irprotheret al, 1989), it seems likely that the isolated
domains as compared with the intact protein. N-domain of the yeast enzyme is also a fully folded protein
The results presented here demonstrate that the isolatedinder the conditions of the yPGK studies. The dispersion
N-domain, bsPGK[+174] in 50 mM phosphate buffer at  observed in the'H NMR spectra of yPGK[+184] and
pH 6.6 and 25C, has essentially the same structure as that ypGK[1—403], as in bsPGK[+174], is clearly inconsistent
found in the crystal structure of the intact protein. The with the idea of the N-domain of these proteins being a
analysis of backboneé®C and *H chemical shifts and  disordered molten globule, lacking both rigid side chain
sequential NOEs shows that its secondary structure is notpacking and a native-like tertiary fold.
changed in any substantial way by removal of the C-domain.  Thijs conclusion is supported by the amide exchange data.
The tertiary structure of the protein appears to be virtually Although all amide protons in yPGKf1184] were found to
the same as that in the native protein, as indicated by long-exchange for deuterons in the solvent within 48 h at pH 7.1
range NOEs, expected markedly shiftétiresonances, and  and 4°C (Fairbrotheret al, 1989), and this was taken as
the strong agreement between calculated and obser¥ed Hevidence for an increase in flexibility, for amide protons to
chemical shifts. Indeed, such an agreement is remarkablepersist on this time scale protection factors approaching 1
given the loss of the C-domain from bsPGK[174] and  x 1(F are required. This is markedly different from the very
the inherent small differences typlcally observed between low protection factors <€300) found in archetypa| molten
CryStaI and solution structures. This Strongly indicates that g|obu|e states such as the A stateoefactalbumin (Chyan
the protein is unchanged from the crystal structure in any et al, 1993) and the acid-denatured state of apomyoglobin
significant way. The high degree &fl spectral dispersion (Hughsonet al, 1990).
and large amide protection factors observeebQ00; see A reduction in stability of yPGK[+184] would also
Figure 6) are also comparable to other stable, native proteinscontribute to the increased rate of chemical modification of
Importantly, the high spectral dispersion and amide protection the single cysteine C97 observed in this protein, although
are maintained over a wide range of temperatures-@5  thjs rate is relatively close (only 6 times slower) to that in
°C) and pHs (5.358.55; data not shown), indicating that  the unfolded protein (Minaret al, 1989). Interestingly, in
the protein is by no means marginally stable. The only hspGK[1-174] the region around residue A94 (see Figure
region of the protein which' dpes appear to _have been affectedl)' which is in the homologous position to C97 in yPGK,
by the loss of the C-domain is a small portion of the 3-PGA- exhibits little amide protection (i.e55000; see Figure 6).
binding site; however, this region is left completely solvent pespite this, strong sequential NOEs of very similar intensity
exposed by the truncation. Whether the isolated C-domaintg those calculated from the crystal structure are observed,
studied by Parkeet al. (1996a) behaves analogously awaits strongly suggesting that the predominant conformation of
future investigation. this region is analogous with that of the intact protein. Also,
In addition to providing a solid basis for the kinetic the predicted long-range NOE from the amide proton of E115
analysis of the folding of bsPGK and the contribution of to the H* of A94 is observed, indicating that the tertiary
interdomain contacts within bsPGK, this study sheds light structure of this region is also not particularly perturbed.
on two conflicting studies involving C-terminally truncated Thus, in bsPGK[1174] this region appears to be subject to
mutants of yPGK, yPGK[£400] (Maset al, 1995) and accelerated “opening” rates compared with the core of the
yPGK][1-403] (Ritco-Vonsoviciet al, 1995). These mu-  protein but still retains a native-like structure as the
tants lack the C-terminal helix XIV which loops back from predominant conformer. It will be interesting to see if an
the C-domain to interact closely with the N-domain (Figures analogous situation can be observed in the region surrounding
1 and 7). According to Mast al. (1995) the N-domain in ~ C97 in yPGK[}-184]. In addition, in bsPGK[x174] a
yPGK][1—-400] is best described as disordered molten  portion of the 3-PGA-binding site appears to be disrupted.
globule(Ptitsyn, 1992), which by definition lacks both rigid The region around H150 and H153 (which is homologous
side chain packing and even a native-like tertiary fold. In to H167 and H170 in yPGK[Z1184]) is solvent exposed and
contrast, Ritco-Vonsoviat al. (1995) concluded that yPGK-  displays'H chemical shifts not far deviated from random
[1—403] folded to a conformation resembling that of the coil. This disruption appears to be localized to this region.
wild-type protein, with the N- and C-domains exhibiting Thus, although the 3-PGA binding site in yPGK{184] is
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disrupted (as in bsPGK[174]), it is possible that this
disruption is localized and specific to this site, as indicated
by the wideH chemical shift dispersion of yPGK[1184].
Further, as pointed out by Fairbrothedral. (1989), it is likely
that 3-PGA binding in PGK requires interactions with the
N-terminal end of helix XIII in the C-domain in addition to

the interactions with the basic-patch residues. Thus, it is

not surprising that 3-PGA fails to bind with high affinity to
yPGK[1-184].

In summary, the NMR data presented here show that the
isolated N-domain of bsPGK can fold as an independent unit,

with little, if any, change in structure from that in the intact
protein. This conclusion is supported by the kinetic data,
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stabilize the folded structure of the former by only 1.4 kcal
mol~t. The overallAG for folding of the isolated N-domain

is approximately 9 kcal mol; thus interdomain contacts
contribute little to the stability of the N-domain in the full-
length protein (Parkeet al, 1996a). Aspects of the NMR
data observed here such as witlechemical shift dispersion
and observation of native NOEs are also found in the
homologous isolated yeast domain (Fairbroteal, 1989).
This indicates that yPGK[1184] is likely to be a fully folded
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labeling of C97 may reflect the decrease in local stability of
the protein compared to the domain in intact yPGK. Given
the similarity of the NMR data of yPGK[1184] (Fairbrother

et al, 1989) and yPGK[+403] (Ritco-Vonsoviciet al,

1995) and the similarity in the spectroscopic data between

yPGK[1-400] (Maset al, 1995) and yPGK[4403], it also

appears that the C-terminal truncation mutants have fully

folded N-domains. The differences observed from wild type
appear to reflect the reduction in stability resulting from
termination of the C-terminal peptide and not the formation
of a separate thermodynamic state (i.e., molten globule).
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SUPPORTING INFORMATION AVAILABLE

Two tables, one listing the acquisition times of the various
dimensions in the multidimensional NMR experiments used
to assign bsPGK[x174] and one listing all assigned
backbone resonancédq, 5N, HN, H) (14 pages). Ordering
information is given on any current masthead page.
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