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Studies of Conformational Changes in Glyceraldehyde-
3-Phosphate Dehydrogenase Accompanying its
Catalytic Action

B. H HAVSTEEN

Department of Biochemistry, Cornell University, Ithaca, N.Y., USA*

The optical rotatory dispersion of glyceraldehyde-3-phosphate
dehydrogenase apoenzyme, holoenzyme (with NAD),** and G3P-
hemimercaptalenzyme were measured in the range: 300—700 mpu
at pH 7.7—8.4 at 23°C in 0.15 M salt solution (0.001 M in EDTA).
The dispersion parameters 4., K and b, were calculated and used to
estimate the helical content. A tentative interpretation of the observed
changes in dispersion parameters in terms of conformational and other
changes was made:

a. The helical content (as represented by b,) of the apoenzyme is
pH-dependent in the range: pH 7.7 —8.4, but the solvation (K) is not.

b. Even a low concentration (6 X 10-* M) of the nonpolar com-
pound «-thioglycerol affects both the helical content (b,) and the
solvation of the apoenzyme (K).

c. Stoichiometric binding of the cofactor NAD to the apoenzyme
alters the helical content (b,), but not the solvation. Addition of excess
NAD causes no further changes except in the amplitude of the ano-
malous rotation (at 650 my).

d. Formation of the substrate G3P-enzyme complex from the
apoenzyme changes both the helical content (b,) and the solva-
tion (K). Anomalous rotation was observed in two wavelength ranges:
one at about 305 my, the other at about 650 mu. The reference curve
indicated that the former was due to a Zn-complex (probably a Cotton
effect), while the latter might arise from an interaction involving
the sulphur atom of cystein.

* Present address: Max Planck Institute of Physical Chemistry, Géttingen, Germany.

** Abbreviations: ATP: Adenosine-tri-phosphate; EDTA: Ethylene diamine tetraacetic acid;
G3P: Glyceraldehyde-3-phosphate; G3PDH: Glyceraldehyde-3-phosphate dehydrogenase; m.r.:
Molar ratio; NAD: Nicotin adenine dinucleotide; NADH: Reduced NAD; O.R.D.: Optical rota-
tory dispersion; 3-PGA: 3-Phospho-glycerate; PEP: Phospho enol pyruvate; Tris: Tris-(hydrox-
ymethyl)-aminomethane; Apo-enz.: Protein moiety of the enzyme; Holo-enz.: Apoenzyme -+
cofactor; Kg,p: Stability constant.
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Considerable attention has in the last years been given to the possible role
of conformational changes in enzymes in the course of their action. Evidence
of the occurrence of such rearrangements is quite ample in some systems,
especially in the catalysis of ester hydrolysis by a-chymotrypsin 2 and the
action of D-amino acid oxidase.?

Though most evidence is available for the transferases, the view that the
phenomenon is very general is gaining acceptance. This work was designed
to enlarge the knowledge of the symmetry of a typical oxidation-reduction
enzyme, its protein part per se, and its complexes with a cofactor (NAD) and
a substrate (G3P). The latter is an intermediate in the catalytic mechanism.4
Glyceraldehyde-3-phosphate dehydrogenase (G3PDH) was chosen because
of its key position in glycolysis and because many of its properties already
are quite well established.>™* Studies of G3PDH have a special interest
because there are indications suggesting that this enzyme is subject to allosteric
control, possibly through the binding of the second nicotinamide-adenine-
dinucleotide molecule (NAD), which is not directly involved in the catalytic
action. The binding could induce conformational changes in the active site
independent of those which might be brought about by the substrate binding.*'?

Hvidt and Kaégi!® have found changes in the rate of deuterium-hydrogen
exchange in yeast alcohol dehydrogenase on addition of NAD. This phenomenon,
which was studied by infrared spectrophotometry, also indicates the occurrence
of conformational changes in dehydrogenases following substrate binding.

Boyer 14 has already reported a change in the specific rotation of G3PDH
after addition of NAD, but optical rotatory dispersion measurements are
required to clarify whether the origin of the change in the optical rotation is
a change in the amplitude of a Cotton effect arising from a helix, a solvation,
a cofactor-apoenzyme complex, a metal ion-enzyme complex or a source
which sofar has escaped attention. Elodi and Szabolesi 1> made observations
similar to those of Boyer.

EXPERIMENTAL

Materials. A suspension of crystals of yeast G3PDH in a solution containing NAD
(molar ratio NAD/G3PDH ='5.9) and a low concentration of ammonium sulfate was
donated by Dr. E. Racker, the Public Health Research Institute of the City of New York.
The apoenzyme was isolated by chromatography at about 2°C on a short column (ca.
5 mm) of a mixture (1:1 by wt.) of active carbon and Sephadex G-25 dextran gel. The
charcoal (Norit A, neutral) was purchased from Fisher Scientific Co. and was purified
according to the method of Krimsky et al.” The dextran gel (Pharmacia, Uppsala, Sweden)
was washed in water before use. The activity of the enzyme toward G3P was determined
by the method of Krimsky et al.” The absorbancy ratio: 4,q/4,, was used as evidence
of the absence of significant quantities of denatured protein and of impurities of purine
and pyrimidine derivatives. This requirement is satisfied when the ratio has & high value.
The best preparations had an A ,,/A4,,-ratio of about 2. A specific extinction at 280 myu
of 0.908 for a 0.1 9, solution of the protein was used.'®

The holoenzyme was prepared by reconstitution from the apoenzyme and excess
NAD (6—23 moles NAD/mole enzyme).’? The molecular weight was assumed to be
140 000.’® The G3P was purchased from Boehringer & Séhne, Mannheim, Germany
(grade A, assay: 99 %) as barium salt of the diethylacetal. The acetal was hydrolyzed
and the Ba-ions were exchanged with protons by treatment of a suspension of 25 mg of
the substance and 1.9 ml moist Dowex-50 resin (H-form) in 5 ml water for 3 min with
intermittent shaking in a boiling water bath.
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The hemimercaptal-enzyme complex was formed by addition of about 4000 fold

G3P to the apoenzyme at pH 7.7 and room temperature. This forces the equilibrium:
G3P + “S—G3PDH ——= "G3P—S—G3PDH (Kg,, = 2.2 X 10-*1/mole)
practically quantitatively (99.9 %) toward the complex.

After the measurement of the optical rotatory dispersion about 6 moles of NAD
per mole of enzyme were added to form the holoenzyme and expel the product (3-phospho-
glyceric acid (3-PGA)). The latter, as well as NADH and excess NAD, was removed by
Sephadex chromatography. NADH is easily removed since the stability constant for its
complex with the apoenzyme is far smaller than that of NAD and the binding site is
the same.®?! NADH is a potent inhibitor of the acyl-enzyme formation and must therefore
be removed, e.g. by the reaction:'*

lactic dehydrogenase
H+ 4 CH;—CO—-C00- + NADH —= CH;—CHOH—-COO" + NAD+

The completeness of the removal of products and cofactors was tested by a specific
assay for 3-PGA * and by measurement of the absorbancy ratio (A4,4/A4,,). The latter
must have a value near 2. After the measurement of the optical rotatory dispersion of
the holoenzyme the activity of the enzyme was determined as described above.

The substrates, cofactors, ATP, pyruvate kinase, phosphokinase, and lactic dehydro-
genase, were purchased from Boehringer & Sohne. The water was distilled, deionized
and outboiled. All other reagents were Mallinckrodt chemicals of AR-grade.

Instruments. The optical rotatory dispersion measurements were made with a Rudolph
High Precision spectropolarimeter with photoelectric attachment and rocking analyzer
as previously described.?? The temperature was kept constant within + 0.3°C with
circulating water. The measurements were made in a 2 dm quartz polarimeter cell with
water jacket (Optical Cell Co., Kensington, Md., U.S.A.). The lamp was a Hanovia
xenon-mercury concentrated arc lamp from Englehart Industries (Newark, N. J., U.S.A.).

All spectrophotometric measurements were made with a Cary-14 recording spectro-
photometer (Applied Physics Corp., Monrovia, Calif.). The protein concentration in the
polarimeter tube was 0.6— 1.8 mg/ml. The pH-measurements were made with a Radio-
meter pH-meter model TTT1.

RESULTS

The dispersion curves were obtained by subtraction of the appropriate
solvent curves from the directly observed data. The adherence of the data
to the Drude law:

[e] = K/(#—A2)

where [«] = specific rotation at the wavelength (mu), K = constant, A = wave-
length of incident light and A, = critical wavelength, was tested graphically
in the range 300—700 my (Figs. 1—3). The data are summarized in Tables
1—4. Table 1 shows the experimental conditions, some criteria of the quality
of the preparations and the characteristics of the anomalous rotation effects
tentatively ascribed to Cotton effects.?8:2° The O.R.D. parameters and esti-
mates if the helical content are presented in Table 2. The parameter b, was
determined, with the aid of the Moffitt equation:23,2¢

[m'] = [agde®/(A2—2%)] + [boe*/(A2—2g2)%]

where [m'] = mean residue rotation = [a] (M ,/100) (3/(n? 4 2)), [a] = specifi
rotation, M, = mean residue weight = mol.wt./total number of AA, AA =
amino acid and n = refractive index. :

The value of 4 was chosen to be 212 my,?? because this value gives a good
fit of the data to the equation for poly-y-benzyl-L-glutamate and for many

Acta Chem. Scand. 19 (1965) No. 7 9



B.H HAVSTEEN

‘1646

-uz @ Ljqeqoad s1 [ "oN 99aj39 Jo winio eyy,

‘dep = g ‘ewrhzueods = § ‘(ewdzue-[eydeosowrwrey) S % L6°66~4-01 X $L°G =

VO ¢ <+ JEH UO0I3080I PIBMIO) = [ 2
y'u1938£0 JBou spuiq QYN @ours ‘anydms eq Aew g ‘o) Jo uiSLIo ey, e3¢g5 XO[duroo

"8300]J8 U0430)) 0} oNp oq 0} pawmnsse A[PA1BIUS} 81 uoIedsip A10)8101 SNO[BWOUR OYJ, P

“jueysuod soeyory = Wyr ([gm)/[glls] = Sy

€080°0/5-01 X 3¢ = [S)/My = [81/Sy = [sH)/[H] "0

"000 08T Jo "3 “[owl & Jurunsse ‘93 Hd ‘0,43 18 1-UIWI 40 X ('8 ‘PUNCY Jo¥BY g
‘wegoad o3 3o 000 OFT JO 3YSIOM JB[NOG[OUL B UO Paseq OIYBI IB[OJ D

deD W 180°0 ‘VIAH

¢« 01 X 2100 63T 08 F0¥9 8 Fgie 1'0F5eg W 1000 ‘IOM W CT0  LL 0 0L’ ,owAzue-re3deoloutriory
«0T X L80 — OFF009 8F3ie Z0Fzez € 40l X9 « oLrL 9%  90°L « o« «
«H0IL X €T — o08eFo0g9 8TFazie ¢0Fez ¢ 40T X9 « s oL'L 36 $9'T (VN "a) ewdzuso[off
0190. [
PN .01 X 9 ‘VIAA
¢« 0L X 09 09T 08 F099 OI Fore %0 Fgge W 1000 ‘O W SI'0 0L°L 0 L8'T «
€01 X LT'T €8T 08 F9L9 oI Foie 90 Feeg « “« LL 0 8890 «
viad
28 0T X 8T 99T 08 Foro o1 Fore ¢o0 Foeg W 1000 ‘O WSI'0 ¥'8 0 SLLO ewifzueody
sy
- - - ¢ Fore 20Fr103 W00 ‘IO W IT0 <L - 0 0
‘AVN W
- — - S FO018 20 F 108 01 XEIUZW 0 X9 3FL  — )} 0
098 ‘3 * ‘T # i
q r-ura 14 ru %y joy Do o('Zug] (ur/Fuw
Ayanoy oty p 301 ‘[ewOUY ‘duzeg, TusA[0g HAd /[avN] [zumg] ueg01g

‘T 21907,

Acta Chem. Scand. 19 (1965) No. 7



1647

GLYCERALDEHYDES3P DEHYDROGENASE

*)xX9} 00g *0

gg¢zg TUOIOTJJO0D UOIIB[OII00 = 4 *Q

*pesn elom ‘rlwx ()G9 PuUB gOE 98 §199])0 uosiadsip L1080 SNOJBUIOUB O O}

enp uorjuqanyzed jurogIuSs JO 601) 0 0} PAISPISUOD dIOM YOIYM ‘SUOIJBAIERqO oy} A[U( "uorssaidel Jeoul] Aq peys[no[eo elem 37 pus %y '»

11 1For 9 F 86 3L6°0 I'TF o1t 8'0 F 6'3¥2 0 oL'L ourfzue-[e3dBoIoUITWIOF]
L 1Faz 9 F s¢1 0260 I F €11 6'0 F 9°292 (%44 oL« + «
6 1Fes 9 F 8¢t $00°'[ 30 F T'II c'0 F 8¢z %6 oL’L « + (QVN "a) owAzueo[oF[
8 1¥Fez 9 F sa1 100°1 LU0 F 0011 20 F 0'ceq ) oL'L [oxe04(Boryy-»  «
1t 1F13 9 F 181 686°0 ot F 9¢r 11 F 39%3 0 L'L «
11 1F %2 9 F ¥91 £86°0 91 F o¢erl L'T F 8°6¥3 0 ¥'8 ewfzuoody
%
2 JUS3U0d
180110y 8p -ox) LM 01981 IB[OIN
‘sqo jo‘oN  juereddy 29— o4 o — % [zugl/lavN] ®Hd uej01g
‘g 2190,

Acta Chem. Scand. 19 (1965) No. 7



1648 B.H HAVSTEEN

Table 3.
Comparison Parameter  Significance of
difference
Apoenzyme, pH 8.4 vs. pH 7.7 Ac +
K —
_— by +
Apoenzyme with «-thioglycerol vs. apoenz.

without this compound; pH 7.7 A +
K +
by +
Holoenzyme, pH 7.7, [NAD]/[Enz.] = 9 vs. 23 Ac —
K —
b, —

Apoenzyme, pH 7.7, w. a-thioglycerol vs. holoenz.
w. 9 NAD/Enz., pH 7.7, w. «-thioglycerol Ac +
K —
. bo +
Apoenzyme, pH 7.7 vs. hemimercaptalenz., pH 7.7 Ao +
K +
b, +

proteins in a variety of solvents.?3 The dispersion of the refractive index was
approximated with that of water.?%253 The value of the parameter b, was
calculated from a Moffitt plot 22 ([m'](A2—A¢?) vs. 1/(A2—24,?)). The slope of the
regression line is = byAy%. The helical content was evaluated from the equation:

% helix = —b,/630

The statistical treatment of the data was as previously described. In
Table 3 an evaluation of the significance of the differences between the para-
meters of the proteins is made. The basis for the comparison is the standard
error, Sy, and the relative error of the slope (4 slope/slope).

DISCUSSION

An interpretation in details of optical rotatory dispersion data of proteins
is difficult in the present state of our knowledge of the theory, but the method
provides a very sensitive indicator of the occurrence of conformational changes

Table 4.
Protein Range used for calculation of b,
myu
Apoenzyme at pH 8.4 320—500
» » pH 7.7 320—500
» + «-thioglycerol 325 —400
Holoenzyme (w. NAD) + «-thioglycerol, m.r. 9.2 325 —400
» » » » m.r. 22.5 325 —400
Hemimercaptalenzyme 320—520
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Fig. 1. Optical rotatory dispersion of
glyceraldehyde-3-phosphate dehydrogenase
apoenzyme in 0.15 M KCl, 0.001 M EDTA
at 23.5°C plotted according to the one-
term Drude equation omitting the points
which are significantly influenced by the
anomalous rotation near 305 and 650 mgu.
See text. Symbols: O, pH 8.4, stippled
line; @, pH 7.7, full line. The lines were
calculated by linear regression. Broken
lines: Anomalous rotatory dispersion
(probably Cotton effects).
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Fig. 2. Optical rotatory dispersion of the
apoenzyme in 0.15 M KCl, 0.001 M EDTA,
6 X 10* M a-thioglycerol and various
concentrations of NAD at pH 7.70 and
23°C. Plot: As in Fig. 1. Symbols: O:
0.0 [NAD]/[Enz.], molar ratio; @: 9.2 m.r.;
A: 23.0 m.r. Molecular weight of the
protein: 140 000. The full line in the
graph is the regression line for [NAD]/
{Enz.] = 0. The broken lines indicate
the contour of the anomalous rotatory
dispersion.

in general. It is also possible to make a crude classification of the major changes
into those representing alteration of the helical content and those involving
the solvation of centres of asymmetry from the changes in b, (or 1)) and
a, (or K)3! respectively. The location of the changes in the molecule, however,
must be determined by a different method.

G3PDH is a protein with a relatively high helical content according to the
estimates based on the amino acid composition 26:27 or on b,. It is, therefore,
not surprising that even a small pH-change alters the helical content signifi-
cantly (Table 3 and Fig. 1). Addition of the non-polar solvent, e-thioglycerol,
even at a low concentration, changes both the apparent helical content and
the solvation of one or more of the centers of asymmetry (Table 3). The
question of whether the effect of a-thioglycerol on the O.R.D. parameters is
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specific or general remains to be answered. Binding of the stoichiometric
quantity of NAD to the enzyme alters the apparent helical content, but not
K. The presence of excess of NAD does not appear to give rise to further changes
in the dispersion curve with the exception of an enhancement of the anomalous
dispersion effect at 650 myu (Table 3 and Fig. 2).

The formation of the enzyme-substrate intermediate in the forward
reaction, G3P-hemimercaptal-enzyme, changes both the helical content and
the symmetry (Table 3, Fig. 3). The following reaction scheme has been
proposed:

H H H
0=? “0-('2—5-enz. HO—-l’I.‘-S-enz.

HC—OH + H,0 + “S-enz.=== HC—OH + M0 === HC-OH + OH™
H,C—0P0,2~ H,C—0P0,2~ H,C— 0P0;2~

The overall stability constant, K, = [ES]/[E][S], is small (2.2 x 1073 M).
The measurements must therefore be made in the presence of a large excess
of substrate.

Preliminary measurements of the optical rotatory dispersion parameters
of the enzyme-substrate intermediate in the reverse reaction, 3-phospho-
glyceric acid thiol-ester-enzyme, indicate that the parameters b, K, and A,
are significantly different from those of the apoenzyme (at pH 7.7) and the
hemimercaptal-enzyme. Thus, it appears that G3PDH also undergoes con-
formational changes accompanying its interaction with 1,3-diphospho-glyceric
acid and that there exist at least two intermediates in the catalytic reaction,
G3P-hemimercaptal-enzyme and 3-PGA-thiolester-enzyme, of individual
conformation.

Further statements about the nature of the conformational changes
probably require the application of more direct methods of structural analysis
than optical rotatory dispersion.

26 -
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S
P
1
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| o Fig. 3. Optical rotatory dispersion of the
141-% G3P-hemimercaptalenzyme in 0.15 M KCl,
12 0.001 M EDTA, 0.081 M G3P at pH 7.7
B I | 1 and 23.5°C. Line: Regression line.
0 100 200
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