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ABSTRACT: Partial unfolding of dodecameric glutamine synthetase (GS) from Escherichia coli has been 
studied by differential scanning calorimetry (DSC). A single endotherm ( t ,  = 51.6 f 0.1 OC and AHal 
= 21 1 f 4 kcal/mol of enzyme) was observed in DSC experiments with M n G S  in the presence of 1 .O mM 
free Mn2+ and 100 mM KC1 a t  pH 7. The dodecameric structure of Mn-GS was retained throughout heating 
cycles, and thermal transitions were reversible as shown by rescans [with 6-18 mg of G S  (M, 622000) from 
15 to 68 OC at  20-60 OC/h] and by >93% recovery of activity. A cooperative ratio AH,,/AHvH of 1.6 
f 0.1 and deconvolution analysis show two cooperative units (two-state transitions): tl  = 50.4 and t2 = 
51.7 OC; the ratio of the relative sizes of thermally labile domains is - 1:2 as judged by AH2/AHI r 2. 
However, the thermally induced overall enthalpy change (0.34 cal/g) for G S  dodecamer is only 510% of 
that for thermal unfolding of small globular proteins a t  50 OC. The t l  and t2  values from deconvolutions 
of DSC data agree with to.s values previously calculated from spectral measurements of temperature-induced 
exposures of -0.7 of 2 Trp and -2  of 17 Tyr per subunit, respectively [Shrake et al. (1989) Biochemistry 
28, 6281-62941, over a 14 "C temperature range using both stabilizing and destabilizing conditions for 
Mn-GS. No uncoupling of Trp and Tyr exposures or of cooperative units in DSC experiments with Mn.GS 
occurred in the presence of either 150 m M  Gln ( t ,  = 58.6 "C) or 10 mM free [Mn2+] ( t ,  = 43.9 "C). 
Thus, cooperative interactions apparently link partial unfolding reactions of all subunits within the G S  
dodecamer so that only two two-state transitions are observed. 

I n  enteric bacteria, glutamine synthetase is the key enzyme 
in nitrogen metabolism, and its activity (in synthesizing L- 
glutamine from L-glutamate, ammonia, and ATP) is strictly 
regulated both genetically and metabolically (Stadtman & 
Ginsburg, 1974; Rhee et al., 1989). Glutamine synthetase 
(GS)' from Escherichia coli is a large metalloenzyme (M, 
-622000) with 12 identical subunits arranged in 2 face-to- 
face hexagonal rings (Valentine et al., 1968; Ginsburg, 1972; 
Colombo & Villafranca, 1986; Yamashita et al., 1989). An 
atomic model of GS at 3.5 A now is available from the so- 
phisticated X-ray diffraction studies of David Eisenberg and 
co-workers (Almassy et al., 1986; Yamashita et al., 1989). 
These studies have confirmed that the 12 subunits of GS are 
arranged in 2 layers of 6 and, furthermore, have shown that 
12 active sites are formed at heterologous interfaces between 
adjacent subunits within a ring. Each active site is formed 
by eight antiparallel p strands-six p strands from the C- 
terminal subunit domain and two P strands from the N-ter- 
minal domain of an adjacent subunit. The larger C-terminal 
domain of each subunit contains the two active-site metal ions, 
nl and n2 (Hunt et al., 1975), as well as the binding site for 
L-glutamate (L-glutamine). ATP spans both domains by 
binding near Lys-47 (Pinkofsky et al., 1984) and Mn2+ at the 
n2 site (Hunt et al., 1975; Villafranca et al., 1976). The 
N-terminal domain, which is fairly exposed (Yamashita et al., 
1989), contains the Trp-57 loop (and no tyrosyl residues). The 
X-ray structural analysis also shows that the stability of 
contacts between subunits in opposing rings mainly is provided 
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by the carboxy terminus helical "thong" which inserts into a 
hydrophobic pocket formed by two neighboring subunits on 
the opposite ring. In addition, both intra- and inter-ring hy- 
drogen-bonded P-sheet interactions between subunits have been 
identified (Yamashita et al., 1989). 

Scanning calorimetry can provide information on coopera- 
tive domain structure and domain interactions in proteins 
(Privalov, 1979, 1982; Sturtevant, 1987; Brandts et al., 1989; 
Ramsay & Freire, 1990). We have used this approach in the 
present study to investigate partial unfolding reactions in 
dodecameric GS. Evidence for temperature-induced, reversible 
transitions of two domains in GS previously was obtained by 
monitoring Trp and Tyr exposures spectrally (Shrake et al., 
1989). Thermal transitions were found to involve the exposures 
of -0.7 Trp of the 2 Trp/subunit and -2 of the 17 Tyr/ 
subunit; each spectral progress curve conformed to a two-state 
model of partial unfolding, and Trp exposure was found to 
occur at 2-3 OC lower temperatures than that of Tyr. These 
studies yielded to,5 and AHVH values for thermally induced 
changes in Trp and Tyr exposures, but no information was 
obtained on the sizes of the units undergoing partial unfolding. 
The DSC results reported here indicate that cooperative in- 
teractions link partial unfolding reactions of all enzyme sub- 
units. 

MATERIALS AND METHODS 
Chemicals and Enzyme Solutions. ADP, L-glutamine, 

a-ketoglutarate, and Hepes were purchased from Sigma, and 

' Abbreviations: GS, unadenylylated glutamine synthetase from Es- 
cherichia coli containing 0.8 equiv of covalently bound S-AMP/dode- 
camer; MnGS, manganese ion complex of GS; Hepes, 4-(2-hydroxy- 
ethyl)- I-piperazineethanesulfonic acid; DSC, differential scanning calo- 
rimetry. 
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Chelex 100 (100-200 mesh) was from Bio-Rad. Preparations 
of metal ion free L-glutamine, stock solutions of ADP, and 
standardized Mn2+ were as described by Hunt et al. (1975); 
stock solutions of 1 M imidazole (Eastman Kodak) were im- 
mediately titrated with HCl to pH 7.3 and then were lightly 
treated with activated charcoal to decolorize and filtered. All 
aqueous solutions were made with distilled water that was 
deionized and filtered through a Millipore MilliQ2 reagent- 
grade system. This water also was used for rinsing all 
glassware and for cleaning the calorimeter cells. All other 
chemicals were of analytical grade. 

Unadenylylated glutamine synthetase with an average of 
0.8 equiv of covalently bound 5'-adenylate groups per dode- 
camer [as determined by assay (Stadtman et al., 1979) and 
UV spectral (Ginsburg et al., 1970) methods] was isolated 
from an overproducing E .  coli strain (Maurizi & Ginsburg, 
1986). The purification procedure of Woolfolk et al. (1966) 
was used with 10 mM a-ketoglutarate added to the extraction 
buffer at pH 7 to inhibit adenylylation (Stadtman & Ginsburg, 
1974) and with a buffer containing 50 mM imidazole hy- 
drochloride, 50 mM KC1, and 10 mM MnC12, pH 7.3, in 
purification steps. Final specific activities in the y-glutamyl 
transfer assay at pH 7.57 and 37 OC were 135 f 3 units/mg. 
The purified enzyme was stored at 4 OC as a suspension ( N 10 
mg/mL) in 52% (NH4)2S04 containing 5 mM Mn2+ and 5 
or 25 mM imidazole, pH 7.3; protein was collected as needed 
by centrifugation and dialyzed at 4 OC for -36 h against three 
changes of 1000-fold volumes of buffer, which usually was 
composed of 50 mM Hepes/KOH, 100 mM KCl, and 1.0 mM 
MnCI2, adjusted to pH 7.30 f 0.01 at 30.0 OC (ApH/OC = 
-0.015). For some experiments, the enzyme was dialyzed as 
above against buffers containing 50 mM Hepes/KOH, 100 
mM KCl, and 3.0 or 10.0 mM MnC12, or 1.0 mM MnC12 + 
150 mM L-glutamine, adjusted to pH 7.30 f 0.01 at 30 OC. 
[Measurements of pH were as described by Shrake et al. 
(1989).] After dialysis, enzyme solutions were clarified by 
centrifugation and stored at 4 OC; protein concentrations were 
determined from published absorption coefficients (Ginsburg 
et al., 1970): A280nm = 0.738 and Am = 0.385 cm2/mg after 
applying fourth power light-scattering corrections from the 
absorbance at 340 nm. Protein dilutions were made with the 
final dialysate in each case. For stock enzyme solutions, two 
to four protein concentration determinations were made and 
averaged (SD I 3%); a molecular weight of 622000 was used 
to calculate the moles of dodecamer [M, = 621 384 without 
taking into account bound water (Colombo & Villafranca, 
1986; Yamashita et al., 1989)l. Glutamine synthetase activity 
was determined by the y-glutamyl transfer, pH 7.57, method 
with saturating substrates (Stadtman et al., 1979) before and 
after DSC experiments. 

Chicken egg white lysozyme (Sigma, grade 1) was dissolved 
and dialyzed as above against 0.1 M glycine hydrochloride 
buffers at pH 2.6 or 2.7 for testing the MicroCal-2 differential 
scanning calorimeter. For calculation of lysozyme concen- 
trations, the specific absorbance value of Bjurulf and Wadso 
(1972) of A280nm = 2.65 cm2/mg (determined at  pH 7 in 0.1 
M potassium phosphate) and M, = 14 3 12 were used. Bovine 
pancreatic a-chymotrypsinogen A (Sigma), -0.7% protein 
(w/v) in HCl at pH 2.2, also was used for calibrations. 

Spectrophotometric Measurements. Spectra were recorded 
with either a Perkin-Elmer Model 320 spectrometer or a 
Hewlett Packard Model 8450A with a dedicated temperature 
controller (Model 89100A) and an attached Peltier junction 
temperature-controlled cuvette holder (Model 89101A) with 
a magnetic stirrer and temperature probe. The latter instru- 
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ment was used for obtaining second-derivative spectra in 
measurements of thermally induced changes in tryptophanyl 
and tyrosyl residue exposures as previously described (Shrake 
et al., 1989). Changes in the second-derivative peak-trough 
at -295-291 nm reflect changes in the environment of 
tryptophanyl residues which are independent of changes in Tyr 
exposure. Alternatively, Trp exposure was measured by tem- 
perature-induced direct absorbance changes (-295-290 nm) 
as described in Shrake et al. (1989). The r ratios from sec- 
ond-derivative spectra (Ragone et al., 1984) as calculated in 
Shrake et al. (1989) for measurements of Tyr exposure have 
been found recently to be influenced by the environments of 
Trp, especially when the Tyr:Trp ratio is >3 (unpublished 
data). Consequently, the average number of Tyr exposed in 
the thermally induced, partial unfolding of glutamine 
synthetase is uncertain. 

Differential Scanning Calorimetry (DSC). DSC was per- 
formed with a MicroCal MC-2 ultrasensitive calorimeter 
(MicroCal, Inc., Northampton, MA) equipped with tantalum 
cells, interfaced with an IBM PS 30 personal computer 
through an A/D converter (DT 2801), and connected to a 
Haake F3 programmable external water bath. Data acqui- 
sition and data analysis software (DA-2) were provided by the 
manufacturer. The capacity of the sample cell was 1.2206 mL. 
Solutions were degassed for 30 min at ambient temperature 
in a test tube connected to a Gast pump (Thomas Scientific 
Co.) with magnetic stirring and then loaded with a 2.5-mL 
gas-tight Hamilton Syringe (MicroCal, Inc.) under vacuum. 
The instrument was run under excess N2 pressure (-8 psi). 
The dialysate buffer was loaded into both reference and sample 
cells, and after a base-line scan had been conducted over the 
temperature range to be used for the protein (typically 15-68 
"C), the contents of the sample cell were gently removed by 
aspirating with a Teflon needle (26 gauge) under house vac- 
uum and then refilled with the dialyzed protein solution (see 
above). After completion of generally two up-scans (with a 
60-min equilibration at 15 OC between scans and final cooling 
at 15 "C), the protein solution was removed the following day 
for assay, and the calorimeter sample cell was cleaned by 
washing with -1 L of a hot (-80 "C) solution of -5% 
DAWN (commercial dishwasher detergent), followed by 
copious rinses (-5 L) of water (heated to -80 OC in a mi- 
crowave oven) using the cell washing assembly of MicroCal, 
Inc. After the reference cell was washed with -3 L of hot 
water and the overflow areas were rinsed, both reference and 
sample cells were dried under house vacuum by aspirating 
through Teflon needles inserted into the cells (-20 min). 

The DA-2 software for temperature readout was calibrated 
(and adjusted if necessary) as follows: for upscans, the sealed, 
pure hydrocarbons ( t ,  = 28.2 OC and t ,  = 73.8 and 75.9 "C) 
obtained from MicroCal, Inc., were used as directed; for 
down-scans, the thermal unfolding of a-chymotrypsin at pH 
2.2 was used, and the t ,  value for the down-scan was matched 
to that of the ugscan ( t ,  = 46.3 "C). Electrical calibrations 
during up-scans of water (90 OC/h) were performed about 
every 3 months, and these were within 51% of theoretical 
values. 

The thermally induced unfolding of lysozyme was used to 
test the MC-2 instrument and data analysis procedures (see 
below). Dialyzed lysozyme (4.78 mg/mL) in 0.1 M glycine 
hydrochloride buffer at pH 2.6 scanned at 10, 30,45, and 60 
OC/h in separate DSC experiments gave the following ther- 
modynamic parameters (where t, = T, - 273.1 5 ) :  t, = 63.07 
f 0.2 OC, AHw, = 107 f 2 kcal/mol, and AH,, = 106 f 1 
kcal/mol. The latter two values are 4.3 and 3.4% higher, 
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respectively, than those obtained by Schwarz (1989) using 
0.1-0.2 M glycine hydrochloride, the Hart 7707 differential 
scanning calorimeter, and the same analysis procedure, and 
are about the same as those reported by Privalov and Khe- 
chinashvili (1 974). In addition, dialyzed lysozyme in 0.1 M 
glycine hydrochloride buffer at pH 2.7 was scanned at 45 OC/h 
at  3.49 (in two different MC-2 instruments), 1.16, and 0.70 
mg/mL, giving t ,  = 63.4 f 0.2 OC, AHd = 11 1 f 1 kcal/mol, 
and AHvH = 109 f 1 kcal/mol; the latter two values are 8.0 
and 6.4% higher, respectively, than those calculated from the 
linear dependence of AHa, and AHVH on T ,  published by 
Schwarz (1989). 

Data Analysis. DSC data [after subtraction of the dialysate 
buffer base line and transformation of Cp to the units calories 
per degree per mole using DA-2 software]* were analyzed by 
the EXAM program of W. H. Kirchhoff (US. Department of 
Energy, Thermodynamics Division, National Institute of 
Standards and Technology, Gaithersburg, MD). This analysis 
gives least-squares fits of the data to a two-state model in- 
cluding base lines: 
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C, = (1 - CY)[B, + B:(T - T,)] + N ( F ) F ( a ! )  t 

.[Bb + B',(T- Tm)] (1) 
following procedures described by Schwarz and Kirchhoff 
(1988). In this expression, N is the number of moles of co- 
operative units per mole of protein in the calorimeter cell and 
can be varied as one of the parameters of the fit or held fixed 
at  some predetermined value. For unit stoichiometry in which 
the number of moles of denatured species is the same as the 
number of moles of native protein, F(a) = a!( 1 - a) where a! 

is the molar fraction of the reaction product and is related to 
the equilibrium constant by 

(2) 
a! KI - - - exp(-AG/RT) 

I - a !  

In conducting the iterative least-squares fit, the temperature 
dependence of AH is taken to be 

AH(T) = AH, + ACPm(T - T,) (3) 

and that of AG to be 

(4) 
Also, the pretransition asymptotic base line, B, + B'J T - T,,,), 
and posttransition asymptotic base line, Bb + B\( T - T,), of 
eq 1 are determined independently with linear least-squares 
fits of the low-temperature (usually <43 "C) and high-tem- 
perature (usually >61 "C) data, respectively. The transition 
parameters of the endotherm AH,,,, T,, N ,  and ACpm are de- 
termined by an iterative, nonlinear fit of eq l using analytical 
derivatives and holding the base-line parameters fixed. The 
1 - (Y and CY coefficients of the base-line terms in eq 1 provide 
an overall sigmoidal base line throughout the transition region. 
The deviation of N from unity provides information on the 
cooperativity of the denaturation as discussed below. 

For deconvolutions, the CPCALC program of E. M. Freire 
and colleagues (Biocalorimetry Center, Department of Biology, 
The Johns Hopkins University, Baltimore, MD) was used for 
subtraction of the sigmoidal transition base line generated in 

Units of calories are used in this paper; for conversion to the Inter- 
national System of Units (SI), 1.000 cal = 4.184 J. 

I *  t 1 

10 25 40 55 70 
Temperature ("C) 

FIGURE 1: Representative DSC experiment with glutamine synthetase 
(12.08 mg of GS; 19.43 nmol of dodecamer) which had been dialyzed 
at 4 OC against a buffer containing 50 mM Hepes/KOH, 100 mM 
KCI, and 1.0 mM MnCI,, pH 7.0 (at 50 "C). Raw (unsmoothed) 
data files (normalized to millicalories per degree) are shown for C, 
(arbitrary scale) vs temperature (degrees centigrade) from the Mi- 
croCal-2 differential scanning calorimeter. Scans from 15 to 68 OC 
(collecting output every 15 s) at a scan rate of 45 OC/h gave the data 
in (A) for (a) dialysate buffer vs the same buffer, (b) GS vs dialysate 
buffer (first scan) and after 60 min at 15 OC, (c) a repeat of (b) for 
a second scan of GS vs buffer. A direct subtraction of the data file 
of (c) from that of (b) gave (b-c) in (A). In (B), the data of (d) and 
(e) were obtained after adjusting and subtracting the buffer base line 
(a) from (b) and (c) in (A), respectively. 

the EXAM program (see above), for shortening data files, and 
for checking area measurements. The data file from CPCALC 
then was entered into the deconvolution programs of the DA-2 
software, which are based on the analysis procedures of Freire 
and Biltonen (1978a,b) either for multiple independent two- 
state transitions or for sequential two-state transitions. 

RESULTS AND DISCUSSION 
Differential scanning calorimetry (DSC) is used here to 

characterize thermally induced partial unfolding reactions of 
dodecameric glutamine synthetase (GS). Reversible, tem- 
perature-induced two-state transitions were identified previ- 
ously in spectral measurements of aromatic residue exposures, 
and analysis of these data gave estimates of van't Hoff en- 
thalpy changes for partial unfolding of two domains of GS 
(Shrake et al., 1989). However, the number of cooperative 
units per mole of dodecamer was unknown. In contrast, the 
number of moles of GS placed in the calorimeter cell is certain, 
and the number of cooperative units per mole theoretically can 
be determined. The measured excess heat capacity can be 
expressed in the units of kilocalories per degree per mole of 
dodecamer since GS does not dissociate under the conditions 
of DSC experiments, as monitored by light scattering (Shrake 
et al., 1989). Also, aggregation of dodecameric GS occurs 
slowly at  high temperatures, and is apparent only at  >67 O C ,  

which is at  least 6 "C above observed T ,  values (see below). 
The thermal stability of the dodecameric structure accounts 
for the complete reversibility of temperature-induced transi- 
tions and, in addition, explains why thermodynamic parameters 
are independent of protein concentration. 

Figure 1A shows raw data files (normalized to millicalories 
per degree) from a representative DSC experiment with GS 
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(9.90 mg/mL) in the presence of 1.0 mM free MnC12 and 100 
mM KCI at pH 7. A base line (a) was established first by 
heating the dialysate buffer in both reference and sample cells 
at 45 OC/h. After being cooled, the buffer in the sample cell 
was replaced with the dialyzed enzyme solution and equili- 
brated at 15 "C for -90 min. Then, GS was heated from 
15 to 68 OC at 45 OC/h twice, with a 60-min equilibration at 
15 OC between scans b and c. Following the second protein 
scan, the cell contents were cooled to 15-25 OC overnight 
before removal of the protein sample for enzyme activity as- 
says. Subtraction of the base line (a) from the first and second 
scans in Figure 1A gave scans d and e, respectively, shown in 
Figure 1B. 

Several features of Figure 1 merit comment. A single en- 
dotherm is observed on heating glutamine synthetase in the 
presence of 1 mM free MnC12. This thermal transition is 
reversible, as evidenced by an identical endotherm being ob- 
served in the first and second scans. Subtraction of the two 
data files for the first and second scans in Figure 1A gave a 
horizontal line at nearly zero C, [(b) - (c) in Figure lA]. In 
addition, a down-scan at -25 OC/h after an up-scan at 45 
OC/h gave the same AHal value (f5 kcal/mol). Also, the 
enzyme was >93% active after the second scan, and the re- 
covered enzyme solution was at most only slightly hazy. 
Although the excess heat capacity is only about 2-3 mcal/K, 
it can be observed that the signal to noise ratio is excellent 
(with a maximum noise level of -25 pcal/K). The response 
of the MicroCal-2 instrument also was rapid compared to the 
scan rate (with a thermal lag of - 13 s during data collection). 

In order to demonstrate that the thermal reactions were at 
equilibrium throughout the heating cycle, glutamine synthetase 
also was scanned under the conditions of Figure 1 at rates of 
20 and 60 OC/h. The same thermodynamic parameters were 
obtained from scan rates of 20 and 60 OC/h as at 45 OC/h 
(see Table I below), which indicates that the system was at 
equilibrium throughout even the fastest scan rate. Further- 
more, temperature-induced UV spectral changes arising from 
the partial unfolding and refolding of glutamine synthetase 
(Shrake et al., 1989) occur rapidly so that kinetic factors would 
not be expected to influence DSC  result^.^ 

Figure 2 illustrates the analysis of the data in scan d of 
Figure 1 B. In Figure 2A, a two-state model of unfolding was 
assumed for a sigmoidal base line and a least-squares fit of 
the DSC profile, holding the number of moles of cooperative 
units per mole of dodecamer ( N  in eq 1) equal to unity. The 
fit (solid curve in Figure 2A) was quite poor [with u = f3.16 
kcal/(Ksmol) for the standard deviation of the fit compared 
to the estimated random scatter of the data, -0.2 kcal/ 
(K-mol)]. In Figure 2B, the linear pre- and posttransitional 
base lines were retained while the number of moles of coop- 
erative units per mole (N) was allowed to vary for computer 
simulation of the excess heat capacity and the fit improved 
considerably [with u = f0 .92 kcal/(K.mol)]. For the fit to 
the data shown in Figure 2B, the value of N is 1.6, which 
indicates a significant departure from a simple two-state 
process. 

In both panels A and B of Figure 2, the pre- and post- 
transitional base lines were linearly fitted (eq 1; Materials and 
Methods) below and above the markers at 43.07 and 60.77 
O C ,  respectively, and these were extrapolated as dotted lines 
into the transition region. Extrapolation of the base lines to 
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Recently, Dr. Mark T. Fisher performed temperature jump exper- 
iments with glutamine synthetase and measured r,,* values of N 15 and 
-7 s for first-order UV spectral changes at 52 OC from temperature 
increases and decreases, respectively (personal communication). 
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FIGURE 2: Analysis of DSC data for the partial unfolding of dode- 
cameric GS. The data are from (d) in Figure 1B after transformation 
of C, data to units of kilocalorie per degree per mole of dodecamer. 
Pre- and posttransitional base lines were linearly fitted below and above 
the vertical markers at 43.07 and 60.77 OC, respectively, and a sig- 
moidal transitional base line was generated for a nonlinear least-squares 
fit of the DSC profile (solid curve) assuming a two-state model of 
unfolding in the EXAM program (see Materials and Methods). In (A), 
the moles of cooperative units per mole of GS was held constant at 
N = 1.0. In (B), the value of N was allowed to vary, and for the fit 
(solid curve) shown in (B), N = 1.6 (see text). 

the temperature at the maximum excess heat shows a positive 
increase from the pre- to the posttransitional base line, which 
indicates an increase (at constant pressure) in the heat capacity 
(AC,) of the solution on protein unfolding. From nine separate 
DSC experiments, first scans of 6.9-18.4 mg of GS in the 
presence of 1 mM free MnC12 under the conditions of Figure 
1 gave ACp = 10.1 f 2.6 kcal/(K+mol). Privalov and Khe- 
chinashvili (1974) observed that the change in heat capacity 
of a protein on denaturation is independent of the transition 
temperature (T,) but that ACp is not the same for different 
proteins. Indeed, the value of ACp for GS depends on the 
concentration of Mn2+ (Table IV), presumably because varying 
extents of effector binding to high-temperature forms create 
different partially unfolded protein species. 

Linear pre- and posttransitional base lines in Figure 2A,B 
were connected by a sigmoidal function, which is computed 
from the fractional area (a) under the transition profile at a 
given temperature in the EXAM program (see Data Analysis 
and eq 1 under Materials and Methods). This is thermody- 
namically correct for a two-state transition (Schwarz & 
Kirchhoff, 1988) in which a is the molar fraction of the de- 
natured species and a = 0.5 at the transition temperature (T,). 
We assume that the sigmoidal base line in Figure 2B also 
represents a good approximation of the true base line for 
non-two-state processes with similar T,,, values (see below). 
A similar approach has been used by others (Ramsay & Freire, 
1990; Shriver & Kamath, 1990). The sigmoidal transitional 
base line of Figure 2B gives AHa, = 209 kcal/mol for the 
endotherm. Similarly fitted sigmoidal transitional base lines 
were used for calculating areas to obtain all AHal values 
reported here. The reproducibility in area measurements for 
DSC experiments with samples from the same protein solution 
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Table I: DSC Results for Glutamine Synthetase in the Presence of 1.0 mM Free MnCI, at pH 7.00 
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GSb(mg) GS act? (units/mg) heating rate ("C/h) scan no! t, (at y,' (OC) AHal (kcal/mol) N 
6.94 122 45 1 51.3 f 0.3 1 8 4 f  1 1.7 f 0.1 

2 51.3 184 
18.24 122 45 1 51.5 f 0.1 183 f 6 1.6 f 0.1 

2 51.5 f 0.1 179 f 5 1.6 f 0.1 
12.08 136 45 1 51.6 1 0.1 211 1 4  1.6 f 0.1 

2 51.6 f 0.1 210 f 3 1.7 f 0.1 
12.08 136 20 1 51.5 216 1.8 

2 51.4 203 1.5 
10.83 136 60 1 5 1.7f 2 1 6  1.7 

2 51.7 204 1.7 
'Dialysis buffer contained 50 mM Hepes/KOH, 100 mM KCI, and 1.0 mM MnC12, pH 7.0 (at 50 "C). DSC data were analyzed as illustrated 

in Figure 2B (where N is varied as one of the parameters of the fit, eq l ) ,  and results are expressed as the mean f standard deviation (SD) for three 
determinations when separate experiments were performed. a working cell volume of 1.2206 mL. CInitial specific activity of the enzyme 
preparation; recovery of activity was 93-98% after the second scan. dScans were from 15 to 68 OC with equilibrations for 60 min at 15 OC between 
scans. e f m  = T, - 273.15. !After correction of the data for the 13-s response of the instrument [see eq 1 of Schwarz and Kirchhoff (1988)], 
essentially the same parameters were obtained: t, = 51.7 OC and AH,,., = 207 kcal/mol. 

Table 11: Deconvolutions of the Endotherm for the Partial Unfolding of GS in the Presence of 1.0 mM Free MnCI2 at pH 7, Assuming either 
Independent (Random) or Sequential Two-State Transitions' 

t l  ("C) AH,  (kcal/mol) t,  ("C) AH, (kcal/mol) SD of fit [kcal/(K.mol)] 
63 (76) 51.5 (51.5) 140 (120) 1.57 (1.50) 49.2 (49.5) 

50.6 (50.4) 63 (79) 51.7 (51.7) 139 (114) 1.16 (1.07) 
51.3 (50.6) 67 (75) 51.8 (51.6) 154 (133) 0.93 (0.95) 
50.7 (49.8) 90 (90) 51.7 (51.9) 139 (129) 1.64 (1.42) 
50.0 (50.6) 63 (79) 51.9 (51.7) 157 (130) 1.24 (1.14) 

mean: 50.4 (50.2) 69 (80) 51.7 (51.7) 146 (1 25) 
SD: f0.8 (f0.5) 112 (f6) 10.2 (*0.2) 1 9  (f8) 

'Entries in the table are in the same order as in Table I for DSC experiments with glutamine synthetase in 50 mM Hepes/KOH, 100 mMKCK 
and 1.0 mM MnCI,, pH 7.0 (at 50 "C). Nonparenthetical values are the parameters of a random model (independent transitions), and parenthetical 
values are the parameters of a sequential model; AHV" = AHaI in either model. The standard deviation (SD) of each fit as well as that for the mean 
of each of the five data sets is given. 

is shown by the standard deviations in values of AHal in Tables 
I and IV. 

Privalov and Khechinashvili (1 974) defined a cooperativity 
ratio CR = AHcal/AHvH in which the van? Hoff enthalpy 
change (AHVH) is estimated from 

AHvH = 4.00RTm2CPm/AH~I ( 5 )  

where R = 1.987 cal/(mol.K), the ratio Cpm/AHcal is the 
maximum peak height to the area of the transition over the 
sigmoidal base line, and T, is the temperature (in degrees 
kelvin) at Cpm. By comparing this expression with eq 1, it can 
be shown that the estimate of AHvH is also an estimate of AH, 
and that CR can be more simply expressed as CR = N, where 
N is the number of moles of cooperative units per mole of 
protein in the calorimeter cell and is obtained from the 
least-squares fit of eq 1 to the data as illustrated in Figure 2B. 
For an ideal two-state unfolding transition of a biopolymer 
(folded * unfolded), CR = 1.0; a value of CR less than 1 
suggests intermolecular cooperativity as, for example, gel to 
liquid-crystal transition in membranes or protein aggregation. 
A value of CR greater than 1 suggests overlapping independent 
two-state transitions or sequential two-state transitions in the 
thermal unfolding of a multidomain protein. For example, 
CR is 2.0 or - 1.4 for two independent or two sequential 
two-state transitions, respectively, with the same T, and AH, 
values in a multidomain biopolymer. For the analysis in Figure 
2B, CR = 1.6, which suggests two or more domains. 

Table I gives t,, AHal, and N values from a series of DSC 
experiments (analyzed as illustrated in Figure 2B) with two 
different preparations of glutamine synthetase in the presence 
of 1.0 mM free MnCI2, pH 7.0 (at 50 "C). An enzyme 
preparation which had been stored for 7 years had lost 10% 
activity, and AHal values were - 13% lower than with a more 
recent GS preparation of 136 units/mg specific activity (AHH, 

= 21 1 kcal/mol).4 However, values oft, were similar (51.5 
f 0.2 "C), and the same results were found over a 2.6-fold 
range in protein concentration. In all cases, essentially the 
same parameters were obtained in second scans, and enzyme 
activity recovery after each second scan was 94-98% (data 
not shown). Also, Table I shows that the results were inde- 
pendent of scan rate from 20 to 60 "C/h. 

Deconvolutions of DSC data were performed for the first 
scans listed in Table I. After calculation of the sigmoidal 
transitional base line for each endotherm by using the pa- 
rameters from a two-state fit in which N was allowed to vary 
(as in Figure 2B), this was subtracted from the DSC data (AC' 
= 0) before deconvolution programs were entered (see Ma- 
terials and Methods). Either a random model for multiple, 
independent two-state transitions or a sequential model for 
sequential two-state transitions was assumed for deconvolution 
analysis (Freire & Biltonen, 1978a,b). A minimum of two 
two-state transitions was required for fits of each data set, and 
the fits had nearly the same standard deviation [I 1.6 kcal/ 
(Kemol)] for either the random or the sequential model (Table 
11). In fitting either model to the data, each cooperative unit 
is assumed to undergo an ideal two-state transition from a 
folded to a partially unfolded form. 

Figure 3 shows deconvolution analysis of the DSC data of 
Figure 2B, using random and sequential models for fitting 
procedures. The solid lines show the two two-state transitions 
and their sum [ u  = f0.93 kcal/(K.mol) for the overall fit] 

Inactivating oxidative damage to glutamine synthetase has been 
shown to occur during storage (Levine, 1983), and apparently inactiva- 
tion affects the amount of heat observed during the temperature-induced, 
partial unfolding of the enzyme. This probably results from the de- 
struction of metal ion binding sites by oxidation of His-269 residues 
(Farber & Levine, 1986). 
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Table 111: Stabilization/Destabilization of Dodecameric GS at pH 7.0:' Comparison of Calorimetric and Spectral Parameters 
DSC results Trp exposureb Tyr exposureb 

[Mn2+11, present (mM) r ,  ("C) AHm, (kcal/mol) to.5 (OC) AHvH (kcal/mol) to.s (OC) AHVH (kcal/mol) 
1 .o 51.5 183 50.0 92 51.6 105 
3.0 48.4 203 46.3 85 48.6 109 
10.0 43.9 212 41.7 96 43.6 106 
1 .O t 150 mM Gln 58.2 178 59.9 94 
1.0 + I50 mM Gln' 58.6 227 58.3 81 61.7 70 

"The enzyme (122 units/mg and 5.2-15.0 mg/mL) was dialyzed against buffer containing 50 mM Hepes/KOH, 100 mM KCI, and the concen- 
tration of Mn2+ (+I50 mM Gln) indicated; the pH of the buffer was adjusted to 7.0 at 50 OC (ApH/OC) = - 0.015). DSC data were analyzed by 
using eq 1 (see Materials and Methods) as illustrated in Figure 2B for first scans only, and DSC parameters are given as the mean of three to four 
determinations with AHwl expressed in kilocalories per mole of dodecamer (SD of the means are given in Table IV). bSpectral values, except for 
those entered in the fifth row, are from Shrake et al. (1989); values are the midpoints of spectral progress curves, and a random model for 
independent transitions was assumed. CThe enzyme preparation used to obtain these data was 11% more active (136 units/mg); scans were 15-73 
O C  at 45 OC/h, after which 97% of GS activity was recovered. 

I I 
36 40 44 48 52 56 60 64 

Temperature (OC) 

FIGURE 3: Deconvolution analysis of DSC data for the partial un- 
folding of dodecameric GS in the presence of 1 mM free Mn2+. The 
data are from Figure 2B after subtraction of the sigmoidal transitional 
base line (with AC = 0 for the base line shown) and shortening the 
data file. A raniom model for multiple, independent two-state 
transitions was fitted to the DSC data and gave the two two-state 
transitions and their sum shown by the solid curves. A model for 
sequential two-state transitions also was fitted to the data and gave 
a solid curve which is very similar to that obtained for the overall fit 
of the random model. Parameters of the fits and the standard deviation 
of each fit are given in the third row of Table 11. 

for the random model and also the overall fit for two sequential 
two-state transitions [ u  = rt0.95 kcal/(K.mol)]. The fit for 
the sequential model gives a somewhat sharper profile than 
that for the random model. The parameters of the fits in 
Figure 3 are given in the third row of Table I1 and are very 
similar to corresponding values obtained from deconvolutions 
of four other DSC data files. Observe that the parameters 
tl  and t2 differ by <2 OC and AHI << AH2 for either two 
random or two sequential two-state transitions (Table 11). 
Since the fits were good and were approximately the same for 
either model (as illustrated in Figure 3), the deconvolution 
results of Table I1 do not discriminate between random and 
sequential mechanisms for the thermally induced partial un- 
folding of MnSGS. 

In spectral studies of the temperature-induced partial un- 
folding of dodecameric GS, it was observed that increasing 
concentrations of free Mn2+ from 0.3 to 10.0 mM destabilized 
the enzyme (Le., decreased to.s values) whereas the presence 
of the substrate L-glutamine increased values (Shrake et 
al., 1989). DSC experiments were performed with GS in the 
presence of 1,3, or 10 mM free MnC12 and in 1 mM free Mn2+ 
+ 150 mM L-glutamine in order to investigate whether the 
same destabilizing and stabilizing effects are observed calor- 
imetrically. Table 111 gives t ,  and AHa, mean values for first 
up-scans from three to four DSC experiments and, for com- 

parison, lists average values of and AHVH determined 
previously for Trp and Tyr exposures assuming a random 
model for the partial unfolding of two domains of GS (Shrake 
et al., 1989). There is a striking similarity in t, and to.s values 
from DSC and spectral studies, respectively, over a 15 OC 
range of t, values. This substantial range in t, values results 
from t, being decreased 7.6 OC by increasing [Mn2+] from 
1 to 10 mM and t, being increased -7 OC by the presence 
of 150 mM Gln with 1 mM Mn2+ (Table 111). The desta- 
bilizing effect of Mn2+ is attributed to Mn2+ binding to ad- 
ditional exposed sites on the partially unfolded enzyme (Shrake 
et al., 1989), whereas the stabilizing effect of L-glutamine 
results from the preferential binding of this ligand to the folded, 
low-temperature enzyme form.s 

values differ for Trp and Tyr ex- 
posures led Shrake et al. (1989) to propose that different 
domains of GS were involved in thermally induced unfolding 
reactions. It is remarkable that the measured AHal value for 
each of the different conditions of Table I11 approximately 
equals the corresponding sum of the AHvH values for random 
Trp and Tyr residue exposures. [For a sequential partial 
unfolding of the Tyr domain after that of Trp (which is a 
model that also could be fitted to spectral data), the sum of 
AHvH values equals - 140 kcal/mol.] Moreover, the decon- 
volution analysis of the DSC endotherm shows two two-state 
transitions (Table 11) with approximately the same parameters 
as those obtained for Trp and Tyr exposures. 

DSC curves were simulated from the parameters obtained 
from spectral data for GS in the presence of 1 .O mM free Mn2+ 
at pH 7.0 (50 "C). Either a model for two independent 
two-state transitions or a model for two sequential two-state 
transitions was used for the simulation. In fitting spectral 
progress curves for the random and sequential models, the total 
AHVH is 197 and 140 kcal/mol, respectively (Shrake et al., 
1989). Figure 4 shows the simulated DSC curves for the two 
models from spectral parameters together with the fitted curve 
for DSC data (after subtraction of the fitted sigmoidal tran- 
sitional base line; see above) obtained with the same enzyme 
preparation under identical conditions. Although the coop- 
erative ratio of the actual DSC endotherm is closer to that for 
the sequential model, the total heat (1 87 kcal/mol of dode- 
camer) is better approximated by the random model. 

Table IV summarizes the thermodynamic parameters ob- 
tained for thermally induced, partial unfolding of dodecameric 

The observation that 

Studies in progress show that L-glutamine binds with - 10-fold lower 
affinity to the high-temperature, partially unfolded enzyme than to the 
native, low-temperature form. At 150 mM L-glutamine, the difference 
in binding to the low- and high-temperature forms is -0.2 equiv/subunit 
so that the observed value of AH,, is only increased by -8% by the 
enthalpy of ligand dissociation. 
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Table 1V: Summary of Thermodynamic Parameters for the Thermally Induced Partial Unfolding of GS Dodecamer at pH 7' 
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GS act. AC M " H C  
(units/ [kcalhK. (kcal/ 

[h2andIr, mg) n t d  ("C) AHml (kcal/mol) mol)] mol) CRe 
1.0 mM Mnz+ 122 3 51.5 i 0.1 183 * 6 9 * 6  123 f 2 1.5 f 0.1 
1.0 mM Mn2+ 136 5 51.6 f 0.1 (50.7, 51.8) 211 f 4 (73, 151) 10.6 * 0.9 133 i 5 1.6 f 0.1 (1.0, 1.0) 
1.0 mM Mn2+, 150 mM Gln 136 2 58.6 f 0.1 (56.9, 58.7) 227 * 5 (65, 182) 11.4 * 0.6 160 f 2 1.4 f 0.1 (1.0, 1.0) 
3.0 mM Mn2+ 122 3 48.4 f 0.1 (47.2, 48.6) 203 f 4 (63, 145) 5.7 f 1.1 128 f 1 1.6 i 0.1 (1.0, 1.0) 
10.0 mM Mn2+ 122 4 43.9 f 0.2 (43.2, 44.4) 212 f 2 (76, 141) 3.9 f 1.7 123 f 2 1.7 f 0.1 (1.0, 1.0) 

Dialysate buffer at pH 7.0 (50 "C) contained 50 mM Hepes/KOH, 100 mM KC1, and the indicated ligand; enzyme concentrations were 8.8-15.0 
mg/mL in DSC experiments. The parameters were obtained from first scans; n was the number of determinations from which the means and 
standard deviations were calculated. Average parameters from deconvolution analyses are given in parentheses (for first, second two-state transition), 
assuming a random model. * t ,  = T,,, - 273.15 at C,,, where Cpm is the maximum excess heat capacity over the sigmoidal transitional base line. 
CCalculated from eq 5 .  The cooperativity ratio (CR), AHcrl /AHv~,  calculated from eq 5 generally was the same as the N value (numbers of moles 
of cooperative units per mole of dodecamer) obtained from the fit of the data (see text). 

"a, 

* H"H 

- DSC data 1 .47  

random 2 .08  

simulated 
sequential 1.39 

-5 -I I I I I I I I 

30 40 50 80 70 

Temperature (OC) 
FIGURE 4: Comparison of the DSC endotherm with simulated DSC 
curves from spectral data for independent (random) and sequential 
models for the partial unfolding of two domains of GS in the presence 
of 1 mM free Mn2+ a t  pH 7.0 (50 "C). DSC data were obtained 
with the same GS preparation used for spectral measurements (in 
one of the DSC experiments entered in the second row of Table I), 
and the fitted curve for varying N (see Figure 2B) is shown after 
subtraction of the sigmoidal transitional base line. Spectral parameters 
used for generating the simulated DSC curves for random and se- 
quential partial unfolding of two domains are from Shrake et al. 
(1989). The cooperativity ratio, AHeal/AHvH (eq S), for each curve 
is indicated, where AHmI values from spectral data are calculated to 
be 197 and 140 kcal/mol from the sums of AHvH values for the random 
and sequential models, respectively, and AHmI from DSC data is the 
area of the endotherm over the sigmoidal transitional base line, 187 
kcal/mol of dodecamer. 

GS in DSC experiments conducted at pH 7.0 under different 
stabilizing/destabilizing conditions. Mean values from first 
scans of two to five determinations (with 10-18 mg of GS per 
experiment) and standard deviations are given. In addition 
to values of t ,  (at C,,) and AH,,, the estimated AC, value 
for partial unfolding of GS and the calculated value for AHvH 
(at T,) from eq 5 are listed in Table IV for each condition. 
Each calculated value of CR (AHal/AHvH) from eq 5 agreed 
within fO. l  with the N value obtained from fitting the cor- 
responding data file to eq 1 (see Figure 2B). Under all con- 
ditions listed in Table IV, the cooperativity ratio (CR) or the 
number of moles of cooperative units per mole of dodecamer 
(N) was - 1.6, and the deconvolution analyses indicate that 

there are two cooperative units per dodecamer with slightly 
different thermal stabilities. 

Interactions between the two intramolecular cooperative 
units must occur. Deconvolution analyses indicate that t, 
values remain less than 2 OC apart over a 14 OC temperature 
range in t ,  (Table IV). Thus, the two intramolecular tran- 
sitions are not uncoupled by either the stabilizing effect of 
L-glutamine binding to the folded enzyme form or the desta- 
bilizing effects of increased Mn2+ binding to the partially 
unfolded enzyme. As mentioned above, AHal values with a 
less active enzyme preparation were proportionally lower. 
Inactive subunits within a dodecamer with impaired Mn2+ 
binding at active sites4 would not be expected to undergo 
thermal transitions (Shrake et al., 1989), and apparently these 
do not interfere with cooperative intramolecular interactions 
either (Tables I1 and IV). 

In order to compare AH,, values obtained under different 
conditions for thermal unfolding reactions occurring at dif- 
ferent temperatures, at least two effects must be considered: 
First, if the transition studied is characterized by AC, # 0, 
then AHd will be temperature-dependent. Second, if effectors 
change the transition temperature, their enthalpy and heat 
capacity of binding (or dissociation) to the protein will be 
included in the observed values of AHal and ACT If the latter 
ligand effects can be neglected, it is possible to correct AHal 
values for the temperature change since AH,,( T2) = ( T2 - 
Tl)AC, + AHaI( T I )  (Privalov & Khechinashvili, 1974). 
However, the measured values of AHa, in Table IV appear 
to reflect both temperature and ligand effects. For example, 
values of AC, for the partial unfolding of GS in Table IV 
appear to decrease with increasing extents of Mn2+ binding 
to high-temperature enzyme forms so that values of AC, 
cannot be used to correct AHa1 for temperature at varying 
[Mn2+]. Moreover, AHaI values in Table IV do not decrease 
with increasing [Mn*+], which lowers the T,, even though the 
binding of Mn2+ to GS is almost entirely entropic (Hunt et 
al., 1972). Further studies on the thermodynamics of ligand 
binding to the low- and high-temperature forms of GS and 
their effects on the thermal unfolding reactions now are in 
progress.5 

Deconvolution analyses of DSC data obtained for GS in the 
presence of increasing free Mn2+ concentrations for a random 
model gave the parenthetical parameters in Table IV for two 
independent two-state transitions. In all cases, an assumption 
of either a random or a sequential model gave the same 
standard deviations in fits of the data [ -*l kcal/(K~mol)]. 
Also, t ,  values for the two transitions were similar (f0.5 "C) 
with either model, and values of AH, and AH2 were approx- 
imately the same as those given in Table 11. Since there was 
no thermal uncoupling of the two transitions under the dif- 
ferent conditions, it is not possible to estimate the free energy 
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of stabilization of either domain by its interaction with the 
other domain. However, it is possible to speculate on the 
identity of the domains from previous results obtained for 
thermally induced exposures of Trp and Tyr residues (Shrake 
et al., 1989). 

Deconvolutions of DSC data (Table IV) give rl and t2 values 
which approximate to.s values obtained for Trp and Tyr ex- 
posures, respectively (Table 111), for the temperature-induced, 
partial unfolding of GS. Also, AH, and AH2 values from 
deconvolution analyses (Tables I1 and IV) are within 2-fold 
of AHVH values obtained for Trp and Tyr exposures, respec- 
tively (Table 111). Thermally induced Trp and Tyr exposures 
appear to reflect partial unfolding of the 12 active-site 
structures in the GS dodecamer (Shrake et al., 1889). The 
X-ray crystallographic structure of GS shows that each of 12 
active sites is formed by heterologous (noncovalent) contacts 
between intraring subunits in 2 hexagonal rings (Almassy et 
al., 1986; Yamashita et al., 1989). Each identical subunit has 
two domains-a relatively small, flexible N-terminal domain 
(containing Trp 57 and no tyrosyl residues) and a larger 
C-terminal domain (containing numerous tyrosyl residues and 
the two essential Mn2+ and the L-glutamine binding sites). 
Spectral data are consistent with a model in which the Trp-57 
domain of all subunits begins to partially unfold before Tyr 
exposure in C-terminal domains (by either a random or a 
sequential mechanism). However, the DSC results indicate 
that there are just two cooperative units in the dodecamer 
which undergo two-state partial unfolding. 

It is of interest to note that if the enzyme subunit had been 
the cooperative unit in DSC experiments (N = 12 with 2N 
states), the value of AHca, still would be - 17 kcal/mol of 
subunit or 21 1 kcal/mol of dodecamer. However, AHVH would 
only amount to 17 kcal/mol (instead of the value 133 kcal/ 
mol; Table IV), and the value of Cpm also would be 1/12th the 
observed value. Furthermore, if each subunit had two coop- 
erative units in roughly 1:2 molecular weight ratios, AHVH 
values would be -6 and - 12 kcal/mol for domain transitions. 
These values are totally inconsistent with AHvH values obtained 
from spectral data. 

As discussed by others, the number of cooperative units is 
often less than the number of structural domains identified 
by X-ray crystallography [see Privalov (1979, 1982) and 
Ramsay and Freire (1990)l. If there is infinite cooperativity 
between domains (Le., strong cooperative interactions that 
completely couple the unfolding of structural domains), these 
will behave as a single cooperative unit (CR = 1 .O) and unfold 
in one two-state transition. Obviously, the structure of the 
GS dodecamer is complex (Yamashita et al., 1989), and 
thermal transitions involve only partial unfolding of domains 
without dissociation of subunits. The value of AHw, of 21 1 
kcal/mol (0.34 cal/g) for GS dodecamer is <lo% of that for 
the thermal unfolding of lysozyme (-7.5 cal/g; t ,  = 63 "C) 
or of other small globular proteins at 50 OC (Privalov, 1979). 
Furthermore, proton release and/or uptake during thermal 
transitions of GS has not as yet been quantitated, although 
the approximate agreement between AHal values observed in 
Hepes buffer and the sums of AHvH values from spectral 
studies suggest that proton effects are not large. For these 
reasons, the relative sizes of the units undergoing partial un- 
folding can only be estimated. Nevertheless, strong cooperative 
interactions must exist between structural domains undergoing 
partial unfolding since a maximum of four states are populated 
during thermal transitions of GS. 

CONCLUSIONS 
From the above structural and thermodynamic considera- 
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tions, it appears that strong cooperative interactions link GS 
subunit domains so that overall partial unfolding of all subunits 
within the dodecamer occurs. The thermal transitions are 
dependent upon the enzyme being in an active Mn2+- or 
Mg2+-stabilized conformation (Shrake et al., 1989), and partial 
unfolding reactions appear to involve a loosening of active-site 
structures. On the basis of the GS structure determined by 
Eisenberg and co-workers (Almassy et al., 1986; Yamashita 
et al., 1989), thermally labile structures are likely to include 
Trp-57 in the small N-terminal domain and Tyr in the large 
C-terminal domain of each subunit, which contribute to ac- 
tive-site structures. The present results indicate that these 
domains in different subunits cannot unfold independently; if 
this were the case, the excess heat capacity would be too small 
to measure. For all subunits to partially unfold in a concerted 
manner, at least one of the two thermodynamic domains must 
be composed of both N- and C-domain structures. The co- 
operative unit with the lower stability apparently involves 
N-terminal and some C-terminal structures (without Tyr 
exposure) that affect interactions between neighboring as well 
as distant subunits [see Yamashita et al. (1989)]. The co- 
operative unit with the higher stability has structures with 
buried Tyr, and these apparently communicate with other like 
domains during partial melting. 
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ABSTRACT: T lymphocytes expressing variable cell surface antigen receptors recognize “processed” forms 
of antigen, presented on the surface of other cells by molecules of the major histocompatibility complex 
(MHC). Naturally processed antigenic peptides can be replaced by synthetic ones. The synthetic peptide 
AYPPPPPTLA (P5) is an active competitor to the antigenic peptide H L A  A24 170-182 (sequence 
RYLENGKETLQRA) that is recognized by A24 specific T cells in association with the H-2Kd class I M H C  
molecule. In P5 the five prolines were designed to play the role of a rigid spacer between the residue Y 
and the T-L unit, so as to mimic the role of Y171, and L179 in the H L A  A24 antigenic peptide, since 
these residues have proven to be the most important with respect to the binding of the H L A  A24 peptide 
with the H-2Kd M H C  molecule. Nuclear magnetic resonance studies allow us to demonstrate that in aqueous 
solution P5 adopts at least three long-lived conformations that can be classified with respect to the YLP3-P 
amide bonds as trans-trans, cis-trans, and cis-cis. Among these, the trans-trans form is present in 67% 
of the molecules while the two others share the remaining 33%. 

s p e c i f i c  immune responses are mediated by T and B lym- 
phocytes that express clonally variable antigen receptors on 
cell surfaces. Unlike B lymphocytes that can directly bind 
antigens in the native conformation, T lymphocytes apparently 
recognize only “processed” forms of antigens, probably pep- 
tides, presented on the surface of other cells by polymorphic 
molecules encoded by the major histocompability complex 
(MHC) (Townsend & Bodmer, 1989). Two distinct classes 
of MHC molecules that differ in structure, biosynthesis, and 
tissue distribution are known to present antigens to T lym- 
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phocytes. In general, antigenic peptides derived from en- 
dogenous proteins are presented by class I MHC molecules, 
whereas those from exogenous proteins are presented by class 
I1 (Germain, 1986). Both kinds of antigens can be replaced 
experimentally by synthetic peptides, provided they are 
presented by cells expressing the appropriate MHC moleculas 
(Townsend & Bodmer, 1989). 

Direct binding studies with antigenic peptides and purified 
MHC molecules (Buus et al., 1987) support the concept that 
T cell antigen recognition can be accounted for, at least in part, 
by the specificity of peptide interaction with MHC molecules. 
Thus the way in which the peptide binds to the MHC molecule 
is essential for T cell recognition. In an X-ray crystallographic 
analysis of MHC class I molecules, a groove containing the 
most polymorphic residues was identified as the putative an- 
tigen-binding site (Bjokman et al., 1987). Class I1 molecules 
are presumed to contain a similar site (Brown et al., 1988). 
The analysis of cocrystals composed of MHC molecules and 
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