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ABSTRACT: The binding of N-cyclohexylformamide (CXF) to the complex of horse liver alcohol
dehydrogenase with NADH mimics that of the Michaelis complex for aldehyde reduction catalyzed by
the enzyme. The Raman spectra of bound CXF anéf@s and!*N-substituted derivatives have been
obtained using Raman difference techniques, and the results are compared with CXF spectra in aqueous
solution and in methylene chloride. The results indicate that the amield bond is trans to the €0

bond of CXF both in solution and in the enzyme ternary complex. TH®Gtretch and NH bending

modes of the amide of CXF shift16 and—9 cn %, respectively, in the enzyme ternary complex relative

to that in aqueous solution are#8 and 36 cm?, respectively, relative to that in methylene chloride. Ab
initio normal mode calculations on various model systems of CXF show that the observed frequency
changes of the €0 stretch mode have contributions from the frequency changes induced by the
environmental changes near both the locad@bond and the remote-\H bond. The same is true for

the observed NH bending frequency change. Our calculations also show that the environmentally induced
frequency changes are additive so that it is possible to determine=t@ Eretch (or N-H bending)
frequency change that is due to the local interaction change near=t@ (©r N—H) bond from the
observed frequency changes. On the basis of these results and the empirical relationship between the
C=0 stretch frequency shift and the interaction enthalpy change on=#@ kbnd developed here, it is
found that the €0 group of CXF in the enzyme/NADH/CXF complex binds with a favorable interaction
enthalpy of approximately 5.5 kcal/mol relative to water. Similar analysis suggests that-tHerdiety

of CXF is destabilized in the ternary complex by about 1.5 kcal/mol relative to water but is stabilized by
about 1.5 kcal/mol relative to a hydrophobic environment. The analysis describes quantitatively the binding
of the G=0 of CXF with the catalytic zinc and the hydroxyl group of Ser-48 and the interaction of the
N—H with the benzene ring of Phe-93 of the enzyme.

Horse liver alcohol dehydrogenase [EC 1.1.1.1 (LAJJH  hydride ion from the NADH. Thus, the complex apparently
catalyzes the reactions of aldehydes and their correspondingnimics the Michaelis complex of NADH and aldehyde.

alcohols with the coenzymes NADH and NAD N- In this study, Raman difference spectroscopic techniques
Cyclohexylformamide (CXF) is an analogue of an aldehyde are ysed to determine the vibrational spectrum of CXF bound
substrate as it is an uncompetitive inhibitor of LADH against g the LADH/NADH complex and for CXF in water and in
varied concentrations of ethanol and a competitive inhibitor g hyqrophobic solvent. The aim of this study is to character-
against acetaldehyde. It binds to the enzyme/NADH com- jz¢ the interactions between the amide of CXF when it is
plex with an apparent inhibition constant of 8V (1). bound to the LADH/NADH complex, and thus to reveal
Amides, like CXF, inhibit alcohol metabolism and mightbe 1,5\ the enzyme affects the ground state structure of the
useful therapeutic agents, for example in preventing the oactants. A detailed picture of binding is obtained by
oxidation of methanol or ethylene glycol to 'their toxic acids monitoring the vibrational spectrum of the bound ligand, and
(2, 3). A structure of LADH complexed with NADH and \yhen the vibrational results are combined with the crystal-
CXF determined by X-ray crystallography at 2.5 A resolution lographic picture of the ternary complex, a detailed picture
shows that thg ca_rbor}yl oxygen of the formamide coordma_ltesof how the protein accomplishes ligand binding emerges.
to the catalytic zinc ion and forms a hydrogen bond with  gjgnificant frequency changes are observed for the amide
the hydroxyl group of Ser-48lf. Moreover, the carbonyl  ~—q stretch, the €N stretch, and the NH bending

carbon is positioned appropriately for direct transfer of a frequencies for bound CXF compared to their solution
counterparts. The frequency shifts arise from changes in
t This work was supported by NIH Grants GM35183 (R.C.) and hydrogen bonding and other electrostatic interactions with
AA¢00279 (B.V.P.). N the G=0 and N-H bonds upon binding. To interpret the
. '.?Lbeeﬁrﬁ\'/résrgei{; College of Medicine. vibrational results, a normal-mode analysis, based on ab initio
L Abbreviations: LADH, horse liver alcohol dehydrogenase; CxF, Calculations, is performed. Furthermore, empirical correla-
N-cyclohexylformamide. tions that quantitatively relate the shifts in frequency to

S0006-2960(98)01477-9 CCC: $15.00 © 1998 American Chemical Society
Published on Web 09/18/1998



14268 Biochemistry, Vol. 37, No. 40, 1998 Deng et al.

effective local changes in hydrogen bond strength and/or of H,'O followed by the addition of 50 mg gf-toluene-
electrostatic interaction are developed. The conclusionssulfonic acid. The reaction mixture was stirred for 5 min,
derived from the normal-mode analysis, as well as the and 10 mL of 0.5 M sodium methoxide was added followed
empirical correlations that are developed here for the amideby 0.2 mL of H'%0. The solvent was removed under
of CXF, can also be applied to the structurally sensitive reduced pressure, and the sodidfi®]formate was washed
amide of the peptide linkage and other amide systems.with dry THF. The sodiumfOJformate was collected by
Hence, they should be very useful in interpreting vibrational filtration and converted tdN-cyclohexylformamide by the
structural studies of proteins that are based on measurementprocedure described abovéH NMR (CDChk): 6 1.11—

of the amide bands in proteins. 1.43 (m, 5H, CH), 1.58-1.68 (m, 1H, CH), 1.68-1.80 (m,
2H, CH,), 1.86-1.98 (m, 2H, CH), 3.26-3.38 (m, 0.3H,
MATERIALS AND METHODS CH), 3.81-3.94 (m, 0.7H, CH), 5.295.69 (d, broad, 1H,

NH), 8.11 (d, 0.7H, CHO3Jch-nn < 1 HZz), 8.13 (d, 0.3H,
CHO, 3Jcp—nn = 12.5 Hz). EIMS: m/z 129 and 127 (M)
in equal intensities.

The exchangeable hydrogen Wfcyclohexylformamide
was replaced with deuterium by dissolving-50 mg of
N-cyclohexylformamide in 1 mL of BD, stirring overnight,
and removing excess D under reduced pressure.

The samples of LADH for Raman spectra were prepared
- . " . by dialysis of LADH with 100 mM sodium pyrophosphate
purified using a silica gel column developed with ethyl hydrochloride buffer at pH 9.6 or with 66 mM sodium

acetate/hexane (60/40). . phosphate and 100 mM KCI buffer at pH 8. After dialysis,
The labeledN-cyclohexylformamides were prepared by ihe enzyme was concentrated by ultrafiltration with a
the general procedure developed previougly ( Centricon30 apparatus (Amicon). Concentrations of LADH
N-[formyl-**C]Cyclohexylformamide Sodium [*C]for- and NADH were determined spectroscopically using s
mate (1.0 g) was added to 3 mL of water, followed by the of 3.57 « 10* M~ cm for LADH and aness of 6.22 x
addition of 1.38 mL of concentrated HCIl and 3.23 mL of 1 M- cm~! for NADH. Typically, the ternary complex
cyclohexylamine. The reaction mixture was refluxed while of L ADH/NADH/CXF was prepared in a 1.5/2.5/2.5 molar
being stirred for 1 h, and the solvent was removed under ratio. Under these conditions, all of tiecyclohexylfor-
reduced pressure. Toluene (10 mL) was added to the residuemamide was enzyme-bound. All samples were maintained
and the reaction mixture was allowed to reflux for 1 h. The 4t 4°C.
toluene/HO azeotrope was removed by distillation at°&3 Spectroscopy NMR spectra were determined with a
Reflux and distillation were repeated twice. The excess v/grian 500 MHz NMR spectrometer and mass spectra with
toluene was removed under reduced pressure, and they Trip-1 spectrometer from VG Analytical (Manchester,

remaining residue was dissolved in CHCIThe organic England) with separation on a J&W Scientific DBI GC
layer was washed with water, dried with Mg @nd filtered. column (0.32um x 15 m).

The solvent was removed under reduced pressure, and the The Raman spectra were measured using an optical
residual oil was applied to a silica gel column and eluted \yjtichannel analyzer system. This system uses a Triplemate
with ethyl acetatg/hexane (60/40)_. The product was 'S°|atedspectrometer (Spex Industries, Metuchen, NJ) with a model
as a colorless oil and was not drie¢kd NMR (CDC): 6 DIDA-1000 reticon detector connected to an ST-100 detector
1.05-1.45 (m, 5H, CH), 1.56-2.02 (m, 5H, CH), 3.20— (Princeton Instruments, Trenton, NJ). The 514.5 nm line
3.43 (m, 0.3H, ring-CH), 3.7#3.99 (m, 0.7H, ring-CH),  from an argon ion laser was used to irradiate the sample
5.37-5.79 (d, broad, NH), 8.08 (dd, 0.7H, CHGlcy = (~100 mW). Separate spectra for enzyme and enzyme/
191 Hz,*Jen-wn < 1 Hz), 8.10 (dd, CHO, 0.3HJc = 188 inhibitor complexes in solution (approximate concentration
Hz, *Jcu-wu = 12.0 Hz). The coupling constants indicate f 1.5 mM) were measured using a special split cell (the
that 70% of the compound has the-N trans to the €O. volume of each side being about 80) and a sample holder
EIMS: m/z 128 (M"). with a linear translator as previously describ&d. (The
N-[**N]Cyclohexylformamide [**N]Cyclohexylamine was  spectrum in one side of the split cuvette was taken; the split
synthesized by the procedure of Borch et &). ¢nd then  cell was translated, and the spectrum in the other side was
converted to the formamide as described abolte.NMR taken. This sequence was repeated until sufficient signal to
(CDCl): 6 1.05-1.47 (m, 5H, CH), 1.56-1.81 (m, 5H,  noise was obtained. A difference spectrum was generated
CHy), 3.39-3.77 (m, 0.3H, ring-CH), 3.7#3.94 (m, 0.7H, by numerically subtracting the sum of the spectra obtained
ring-CH), 5.50 (ddd, 0.7H, NHJww = 89 Hz,3Jd\p-cH = from each side. In general, the two summed spectra do not
8.5 Hz,%Jyn-cHo = 1.6 Hz), 6.01 (ddd, 0.3H, NHJy = subtract to zero, as judged by the subtraction of well-known
87 Hz,%Jnn-cn = 10.3 Hz,*3n-cro = 1.8 Hz), 8.086 (ddd,  protein marker bands (for example, the amide I, amide Il
0.7H, CHO,ch-n = 14.9 Hz,*Jcp-nn = 1.9 HZ,“Jch-cH and the 1450 crt bands, the latter band being especially
= 0.93 Hz), 8.092 (ddd, 0.7H, CHGJch—~ = 14.3 Hz, useful since it is generally not affected by protein confor-
3Jeh-nn = 10.5 Hz,*Jch-ch = 0.53 Hz). EIMS: m/z 128 mational changes). These protein marker bands are deter-
(M¥). mined from their bandwidths (generally much broader than
N-[*80]Cyclohexylformamide Sodium f€O]formate was those from spectra of bound substrates) and their character-
synthesized by a modified procedure of Risley and Van Etten istic positions. Hence, one summed spectrum is scaled by
(6). To 5.4 mmol of methylorthoformate was added 0.2 mL a small numerical factor, generally between 1.05 and 0.95,

Materials Crystalline horse liver ADH (EE isoenzyme),
NAD™, and NADH were purchased from Boehringer Man-
nheim. SodiumClformate (99%), PNJammonium acetate
(98%), methyl orthoformateg-toluenesulfonic acid, cyclo-
hexylamine, and sodium methoxide were purchased from
Aldrich and were used without further purification. ,'fD
(0.6%1%0, 4.8%'70, and 94.6%%0) was purchased from
Isotech Inc. N-Cyclohexylformamide from Aldrich was
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FicURe 1: Raman spectra &i-cyclohexylformamide (CXF) in kD Wavenumber em!
(200 mM) at 4°C: (a) unlabeled CXF, (b}$N]JCXF, and (c) [C]- Ficure 2: Raman spectra ®f-cyclohexylformamide (CXF) in BD
CXF. The Raman bands that shift by less than 2t the 13C- (200 mM) at 4°C: (a) unlabeled CXF, (b}$N]JCXF, and (c) [C]-
or N-substituted CXF spectra relative to those in panel a are CXF. The Raman bands that shift by less than 2m the 13C-
marked but not labeled. or 1N-substituted CXF spectra relative to those in panel a are

marked but not labeled.

which is adjusted until the protein bands are nullified. This

procedure is demonstrated in the Appendix. A spectral
calibration is carried out for each measurement using the
known Raman lines of toluene, and absolute band positions

are accurate to withink2 cm. None of the spectra respectively (cf. refd1 and12). Because of the coupling,
presented h_ere have bee_” smoothe_d._ . deuteration of the amide results in large frequency shifts for
Computational Analysis The ab initio Hartree Fock both of these two modes. In Figure 1a, the 1552 thand
method (using the 6-31G™ basis set), as implemented in gpifg gown by 14 cm! to 1538 cmt in tﬁe15N-substituted
Gaussian 948), was used to optimize the geometry of the o rivative (Figure 1b): it disappears altogether from this
m_odel compounds oN—cycIohexyIfqrmam|de gomplexed region when the nitrogen is deuterated (Figure 2a). Hence,
with water molecule(s) and/or a Naon. The V|brat|onall it is related to the N-H bending motion. Since this band
nor_mz_:ll modes were then Calcula_\ted on these geo_metncallyalSO shifts down by 5 cni to 1547 cnt in the 13C-labeled
optimized model compounds using the same basis set. e jyative (Figure 1c), we conclude that this mode also
RESULTS contains some €N stretch motion. Thus, this mode can
be assigned to the amide Il mode. Moreover, the geometry
Raman Spectra of N-Cyclohexylformamidehe Raman of the amide moiety of CXF in aqueous solution is
spectra of CXF and its®N and '3C amide-substituted determined to be trans (see above).
derivatives in HO and DO are given in Figures 1 and 2. The 1239 cm! band (Figure 1a) disappears upon deu-
Previous studies on various N-monosubstituted amides haveteration of the sample (Figure 2a) but is not sensitivE€@
shown that vibrational spectroscopy can be used to distin- (Figure 1c) or!®N substitutions (Figure 1b). The normal
guish two geometries of the amides: those with theHN mode calculations suggest that this mode contains significant
and C=0 bonds in the cis configuration and those with these contributions from the amide NH (in plane) bend and
two bonds in the trans configuration (cf. redsand 10 and several C-H bending motions within the ring. Thus, it is
references therein). In the cis isomer, the in-planeHN not the expected “normal” amide Il mode, although amide
bending mode is around 1450 ciand the CG-N stretch Il modes are often complex and mix with side chain motions
mode is around 1330 cth The N-H bending is not  (11). The band at 1389 cr band shifts down by 10 cr
coupled with the &N stretch in this geometry so that the upon'®O labeling of the &0 moiety (data not shown); thus,
C—N stretch mode is affected little when the amide is it can be assigned to theHC=0O bending mode. The band
deuterated. In contrast, the-¥ bending and the €N at 1651 cm? in Figure 1a shifts down to 1605 crhwith

stretch motions are strongly coupled in the trans geometry
to form one mode around 1540 ci(sometimes called the
amide Il or N-H bending mode) and another mode around
1280 cm! (sometimes called amide Ill or-@N stretch),
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13C (Figure 1c), suggesting that this mode is tlre@stretch
mode (amide | mode). The 46 cishift of this mode is 3 LADH/NADHICXE - LADHINADRTICICXF in B0
larger than the 37 cm shift expected for an isolated 3

diatomic G=0 stretch. Thus, the=<€0 stretch motion must |
be coupled with other atomic motions of the CXF; this will
be verified in normal mode calculations reported later in this
paper. The rest of the bands in Figure 1a shift less than 2
cmtin 13C- or ™N-substituted derivatives (Figure 1b,c) and
so are related to motions of the cyclohexyl ring.

Throughout this study, the amide | like mode will be
referred to as the €0 stretch and the amide 1l like mode b. CXF - [SCICXF in D,0
as the N-H bend.

A new band with unusually strong intensity appears at
1439 cntt in the Raman spectrum of CXF suspended in
D,O (Figure 2a). We can assign this mode to the amide
C—N stretch on the basis of its 24 cishift in [**N]CXF
(Figure 2b) and 13 cnt shift in [*3C]CXF (Figure 2c). This
mode is absent in the Raman spectrum of CXF yOH
because the €N stretch and the NH bending motions are
strongly coupled in the trans isomer, as mentioned above. ¢. INDICXF - [ND,“CICXF in GH,Cl,
Upon deuterium exchange of the amide hydrogen, the extent
of this coupling is greatly diminished due to the much lower
N—D bending frequency. The new band at 993 ¢in the
Raman spectrum of CXF in J® is most likely the (now
isolated) N-D bending mode. The shifts of this band upon
15N and*3C substitution are only 4 and 2 ch respectively,
showing that the N-D bending motion is largely decoupled
from the C-N stretch motion and contains little contribution 1209 1400 1600
from the motion of the amide nitrogen. THE substitution- Wavenumber cm!
induced shift of the €O stretch mode in deuterated CXF  Figure 3: Raman difference spectra between unlabeled CXF and
at 1649 cm? is reduced to 41 cnt (Figure 2), closer to  [*C]CXF. (a) Between LADH/NADHN-cyclohexylformamide
that expected for a simple diatomic oscillator, suggesting that (%XF) gn(fjf LADH/ N/BD:/PC]CXF at 4°<d? in 1QOGg1Mhpyf0ph05-
the C=O stretch motion is less coupled with other motions Eaﬁhes r%aﬁze%t \?v||_':h 'an(";';'té“ri‘;}fraﬁga d'ung)t(')ﬁbojl oy ﬁzgﬁ_” (b)
of CXF compared with that of the protonated CXF. Thus, genveen CXF andfC]CXF at 4°C in D,O. (c) Between CXF
in subsequent studies of CXF complexed with LADH, and [ND23C]CXF (deuterated amide) a€ in methylene chloride.
deuterated samples were used to access environmental
changes near-<€0 bond upon binding more accurately. On Figure 3a shows the difference spectrum between the
the other hand, the NH bending mode can be positively LADH/NADH/CXF ternary complex and the ternary com-
identified by >N labeling while the N-D bending mode  plex formed with the T*C]CXF prepared in BO. For
cannot; hence, protonated protein complexes were used tacomparison, Figure 3b shows the difference Raman spectrum
characterize environmental changes of theHNbond on between CXF andC]CXF in D,O, and Figure 3¢ shows
the basis of N-H bending frequency changes. the difference Raman spectrum between nitrogen-deuterated

The Raman band intensities of enzyme-bound CXF are [ND]JCXF and [NDC]CXF in methylene chloride. It can
very weak so that the difference spectrum between LADH/ be seen that the spectral region between 1500 and 1700 cm
NADH/CXF and LADH/NADH is dominated by the bands in Figure 3a is quite crowded. There are more Raman bands
that arise from the apoprotein and NADH when CXF binds in this region than just the anticipated positivgegative CG=
to the binary complex (see the Appendix). Therefore, it is O stretch mode of CXF. Additional experiments, described
necessary to employ isotope editing techniqued);(the in detail in the Appendix, indicate that the positive/negative
difference Raman spectrum is obtained between complexespair at 1633/1592 cnt in Figure 3a is the &0 stretch
of LADH/NADH with unlabeled and isotopically substituted mode. The 1633 cnt band only appears in the difference
amide. One disadvantage of such experiments is that bandspectrum between LADH/NADH/CXF and LADH (Figure
positions will appear to be shifted from their true positions 8d in the Appendix), while the 1592 crh band (as a
when the isotopic shift of a vibrational mode is smaller than shoulder) only appears in the difference spectrum between
its Raman bandwidth. However, it has been shown that, LADH/NADH/[3C]CXF and LADH (Figure 8e in the
assuming that the band intensities and bandwidths of aAppendix). The control experiments also show that those
vibrational mode do not change upon isotope substitution, features in Figure 3a marked with an asterisk are due to
the frequency shift of a particular mode for a molecule in NADH. These features appear in the isotope-edited differ-
two different environments can be calculated with high ence spectrum of Figure 3a because (a) the binding of the
precision using either the shift of the zero crossing points of CXF to LADH/NADH causes a small shift and/or intensity
the positive/negative doublet observed in the isotope-editedchanges of the NADH bands at 1598, 1615, and 1682'cm
spectrum or the difference in the average frequencies of the(cf. Figure 8d in the Appendix) and (b) there is inevitably a
negative/positive peak4 8, 14). small mismatch of the unlabeled af¥C-substituted CXF
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concentrations in their respective ternary complexes. Hence,
these NADH bands are not nullified completely in the
isotope-edited spectrum.

The G=0 bond of bound CXF is polarized compared to
CXF in water, which results in a frequency downshift of
the G=0 stretch relative to its position in aqueous solution
(downshifted by 16 cmt), and even more so compared to
that in methylene chloride (€0 stretch downshifted by 48
cmY). Such a shift of the &0 stretch frequency is
consistent with expectations of stronger hydrogen bonding
to the C=0 bond of the bound inhibitor relative to aqueous
environments which is, in turn, reduced or eliminated when
the CG=0 bond is transferred to methylene chloride (see
below). Another positive/negative feature at 1443/1431%cm
in Figure 3a is assigned to the-@®! stretch mode of the
CXF. A similar feature was also observed in the difference
spectrum between ternary complexes formed whtN-
substituted and unlabeled CXF (data not shown), supporting
this assignment. This mode shifts up by 7 énn D,O
(Figure 3b, average frequencies are used) and 32 am
methylene chloride (Figure 3c), both shifts relative to the
values for the enzyme-bound CXF. As discussed below,
these shifts are also consistent with a stronger hydrogen
bonding to and/or electrostatic interaction with the=Q
bond of the bound inhibitor compared to those in the other
environments.

The difference spectrum between the LADH/NADH/CXF
ternary complex and LADH/NADHN]CXF in H,0 is
shown in Figure 4a. For comparison, panels b and c of
Figure 4 show the analogous difference Raman spectra for
CXF in H,O and in methylene chloride, respectively. Since
the >N isotopic shift of the N-H bending mode is relatively
small, the positive/negative feature related to the HN
bending motion at 1543/1524 ciin Figure 4a is very weak;

Biochemistry, Vol. 37, No. 40, 19984271

a. LADH/NADH/CXF - LADH/NADH/['SNICXF in HoO

1236
— 1543

1227 —
1524 —

b. CXF - [ISNCXF in HyO

1260
1556

Raman Intensity

1229 —
1528

¢. [NHICXF - [NH,1NJCXF in CHoCly

1217
1508
1693

1681

(=2}
©
<
-

T
1400
Wavenumber e¢m1

FIGURE 4: Raman difference spectra between unlabeled CXF and
[*5N]CXF. (a) Between LADH/NADHN-cyclohexylformamide
(CXF) and LADH/NADH/[*>N]CXF at 4°C in 100 mM pyrophos-
phate buffer at pH 9.6 in ¥0. The Raman bands labeled with an
asterisk are due to bound NADH. (b) Between CXF aSNJCXF

at 4°C in Hy0. (c) Between CXF andjN]CXF (protonated amide)
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its peak-peak intensity is only 0.8% of that of the protein _ { ’
amide | band. Nevertheless. on the basis of the frequencyat 4 °C in methylene chloride. The Raman band labeled with an
' ! asterisk is due to solvent.

of this mode, as well as the appearance of the new peak at

1443/1431 cm® in the deuterated complex (Figure 3a), it bending frequency of CXF may also be affected by the
can be concluded that this is the amide Il mode of CXF. changes of the €0 bond stretch frequency, and vice versa.
Thus, the N-H moiety remains trans t0=€0 when CXF is To investigate such a possibility, so we are able to estimate
bound to the LADH/NADH complex as judged from the quantitatively hydrogen bond interaction energies between
response of the mode to labeling (see above), consistent withprotein and the &O and the N-H moieties in the ternary
the X-ray results X). Another derivative feature at 1236/ complex, ab initio normal mode calculations were performed.
1227 cm? is related to the CEN—C stretch motion as Theoretical Calculations Our analyses were conducted
shown by normal mode calculations. By comparing panels on the model CXF systems shown in Chart 1. The
b and c of Figure 4, we can see that, when CXF is transferredgeometries of the model compounds are fully optimized at

from aqueous solution to methylene chloride, its-IN
bending mode shifts down by an average of 437tm
Furthermore, its Raman intensity is substantially reduced
relative to the &0 stretch band intensity, from an intensity
ratio of 1/1 in aqueous solution (Figure 1) to about 1/5 in
methylene chloride. The shift of the-NH bending fre-
quency of the CXF in the LADH ternary complex is8
cm! from its value in agueous solution and is 35 ¢ém
relative to that in methylene chloride (Figure 4, using the
average frequencies of the peaks in the positive/negative
features to calculate the shifts). Thus, it would appear that
the hydrogen bonding strength of the-N bond of CXF in

the ternary complex, which is expected to be reflected in
shifts of the N-H bend, is similar to that in aqueous solution
but quite different from that in methylene chloride. How-
ever, since the amide moiety is highly conjugated, the-N

the HF/6-31G** level, and the frequency calculations are
performed on the optimized geometries using the same basis
set. It is well-known that such calculations consistently
overestimate the stretching force constants by about 20%
(hence, frequencies by about 10%) and even more for double
bonds containing oxygen or nitrogetb( 16). More accurate
frequencies can be obtained by a “scaling” procedure wherein
the force constants of a similar group of bonds, such-a€C
stretches, €0 stretches, or NH bends, are multiplied by
empirically determined scaling factors before the vibrational
frequencies are calculatedl§). Such a procedure is
particularly useful when the scaling factors for different bond
types are significantly different. Here, we are only interested
in three vibrational modes: the=€D and C-N stretches
and the N-H bend. The scaling factors for the-®l stretch

and N-H bend should be similar since the calculatedNC
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Chart 1 the C—N stretch; it can be described as an out-of-phase
N+ combination of the &0 and C-N stretch motions. Ap-

a parently, such coupling between the=O and C-N internal
coordinates is at least partially responsible for the larger-
than-usuafC shift (should be about 37 crhfor a simple
diatomic G=0 stretch). The observédC shift is even larger

O for CXF in aqueous solution—46 cnT?, Table 1). It is
C, // conceivable that in this case, its<O bond is more polarized
*G and its stretch force constant more reduced than those for
- U CXF in methylene chloride. In this case, the coupling
/ H between &0 and C-N is likely enhanced which results in
H an even larget®C shift. However, our calculations did not
accurately reproduce th&C shift observed in aqueous
solution in any model because the ab initio method overes-
timates the &0 stretch force constant too much relative to
the C—N stretch. Hence, the=€0 stretch cannot be reduced
\ enough to cause stronger coupling with theXCstretch in

H any calculated model.

The calculations also provide a good description of the
C—N stretch and NH bend as judged by the agreement
between calculated and observed shifts of these two modes
upon isotopic substitution. According to the calculations,

stretch and N-H bend frequencies are both overestimated
by about 10%, while the €0 stretch mode is overestimated

0 X . .
by about 15% (see below). On the basis of this observa‘uon,the internal N-H bending motion is coupled with the out-

be ressonably well descrbed m the calauiated normal mode<C-PaSe combinaton of the o0 stretches of the C1
y N—C moiety of CXF (see Chart 1) to form two modes at

involving these two internal coordinates. The coupling . .

. . 1688 (the amide Il mode) and 1308 cin(the amide |l
between the O stretch and NH benq internal coort_dlnate_s mode) for the isolated molecule (listed as-N bending and
may be somewhat underestimated in the calculations since

- ) . C—N stretch, respectively, in Table 2). Thus, the-N
the C=0 stretch mode frequency is more overestimated than . . .
. . bending mode observed in the experiment shows not only a
the N—H bend. However, such error is not serious enough

5 . .
to affect the assignments of these three modes as show moderate™ shift but also a smalfC shift (Table 1). Upon

below. Therefore, we did not employ the nonuniform scaling beutenum exchange of the amide hydrogen, the coupling

rocedure in these studies. Nevertheless, it is necessary tg etween the ND bending and the out-of-phase Sl —C
P . : i ’ Y Rretch is removed. The AD bending mode then shifts
make a uniformly scaled correction when the calculated

frequencies are compared to the experimental values down to 10.45 cm’ in isolated CXF; the mode also contai_ns
' a contribution from the CxN stretch and has a small shift

Table 1 lists the experimentally observed values in aqueousgqy 15 (Table 2) but contains no contribution from the-I&
solution, in methylene chloride, and in the LADH ternary  stretch and has little isotope shift ffic=0, very consistent
complex. The calculated frequencies of thre@and C-N with experimental observations (Table 1). The out-of-phase
stretches and the AH(N—D) bend of the amide NHCO C1-N—C stretch mode shifts to 1580 cin(listed as the
moiety of isolated CXF, its complexes with water molecules, c—N stretch in Table 2) upon deuterium exchange in isolated
and/or a Na ion in close contact with €0 (Chart 1) are  cXF, about 100 cmt below the original N-H bending (or
shown in Table 2. The isolated CXF model is used to gmjde 1I) mode, which is also very consistent with the
simulate the hydrophobic environment of methylene chloride. corresponding shift observed in the experiment (Table 1).
takes into account, somewhat, the screening of some of thecorresponds to the observed band at 1239 H,O
charge on Z#" that must take place at the LADH binding (Figure 1a). This mode shows no calculaté@=0 shift
site since this ion is complexed with several protein groups. gnd a 2 cmt 15N shift, which is consistent with observations
As pointed out above, the calculated frequencies of these(Figure 1a). Upon deuterium exchange of N, the 1276
three modes are higher than the experimentally observedsm—1 mode is calculated to shift down to 1033 Thvery
values by about 10% for the-&N stretch and N-H(N—D) close to the other mostly ND bending mode at 1045 crh
bend and by about 15% for the=® stretch. (Table 2). In fact, two well-resolved bands about 10-¢m

On the basis of the results of the normal mode calculations, apart were observed in the Raman spectrum of [ND]JCXF in
the unusually largé3C shift of the G=0 stretch mode of = methylene chloride near 950 cf(data not shown), although
CXF in H,O can be explained. In isolated CXF, the=O only a broad band is observed for CXF in@(Figure 2a).
stretch frequency is calculated to be at 1966 tifTable Finally, the observed frequency shifts of the=O stretch,
2), about 15% higher than the 1686 chiband observed in  C—N stretch, and N-H bending modes induced by changing
methylene chloride (see Table 1). The calculdf€shift the solvent from methylene chloride to water have also been
of this mode is 40 cm' (Table 2, after a 15% correction), reasonably reproduced in the calculations. Compared to that
which is very consistent with the observé®C shift in of the isolated CXF, the €0 stretch mode in the CXF
methylene chloride (41 cm, Table 1). The calculations complexed with two water molecules shifts down by 31&m
show that this normal mode also contains contributions from (15% correction) and the NH bending mode shifts up by
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Table 1. Observed Raman BandsN{Cyclohexylformamide (CXF) under Various Conditions and Their Shift$@y or *>N-Substituted
Derivative$

water methylene chloride LADH/NADH/CXF
Cc=0 C—N N—H(D) Cc=0 C—N N—H(D) C=0 C—N N—H(D)
mode stretch stretch bend stretch stretch bend stretch stretch bend
native 1651 - 1552 1686 - 1507 - — 1543
13C —46 — -5 —41 — -7 - — -
15N -2 . —14 -2 . —18 = — -9
ND 1649 1439 993 1681 1412 951 1633 1443 -
13C,ND —41 —-17 -2 —41 —-13 -2 —41 —-12 -
15N,ND -3 —24 —4 - — - - -17 -

aThe frequencies are in cth The numbers for the substituted molecules are frequency shifts relative to that of the unsubstituted molecule. The
numbers for thé3C,ND and>N,ND substituted molecules are frequency shifts relative to that of the ND-substituted molecule.

Table 2: Calculated Frequencies of $ixCyclohexylformamide (CXF) Model Systefns

CXF complexed with

CXF complexed with

isolated CXF water near N-H water near &0
c=0 C—N N—H(D) c=0 C—N N—H(D) c=0 C—N N—H(D)
mode stretch stretch bend stretch stretch bend stretch stretch bend
native 1966 1308 1688 1956 —1340 1723 1939 1330 1698
13C —47 -5 -6 —47 -8 -6 —47 -5 -7
15N -1 —6 -17 -1 -9 -17 -1 -5 —18
ND 1961 1580 1045 1950 1588 1072 1933 1589 1054
13C,ND —47 -8 -3 —47 -9 -2 —47 -9 -3
15N,ND -1 -9 -5 -1 —13 —2 -1 —11 —4
CXF complexed with CXF complexed with CXF complexed with
sodium near &0 water and sodium two waters
c=0 C—N N—H(D) c=0 C—N N—H(D) c=0 C—N N—H(D)
mode stretch stretch bend stretch stretch bend stretch stretch bend
native 1866 1362 1732 1859 1422 1764 1929 1354 1732
3C —46 -4 -8 —47 -5 -6 —47 —7 -7
15N -3 -5 -21 —4 -5 —16 -3 -8 —-17
ND 1861 1617 1082 1855 1634 1120 1922 1596 1084
13C,ND —47 -10 -1 —41 —18 -1 —47 —10 -3
15N,ND -3 =17 -3 —4 —25 -1 -1 —15 —2

a Frequencies are given in cifor the G=0 stretch, the €N, stretch and the NH(N—D) bending: isolated CXF, one water hydrogen bonded
to N—H, one water hydrogen bonded te=O, a Na coordinated with &0, water hydrogen bonded to-N and a Nd coordinated to €0, and
waters hydrogen bonded to bot=O and N-H. The numbers for the labeled molecules are the frequency shifts relative to that of the unlabeled
molecule. The numbers for tR&C,ND and®N,ND substitutions are frequency shifts relative to that of the ND-substituted molecule. All frequencies
are obtained at the ab initio HF/6-31G** level on fully optimized geometries of the model complexes.

40 cn1! (10% correction), consistent with the observed shifts bonded to either NH bond or G=O bond to study these
of 35 and 45 cm?, respectively, when CXF is transferred effects.

from methylene chloride to aqueous solution (Tables 1 and oy results (Table 2) show that when the water is hydrogen
2). The calculated €N stretch mode in deuterated CXF  ponded to the NH bond, the N-H bending frequency shifts
shifts up by 14 cm! (10% correction) when it is complexed up by 35 cnt! compared to that of the isolated CXF; at the
with two water molecules (Table 2). This shift is fairly ggme time, the €0 stretch frequency shifts down by 10
consistent with experiment; it is in the right direction but -1 and the C-N stretch frequency in the deuterated amide
numerically smaller than the 25 cihshift observed in the  gpifts up by 8 cm’. On the other hand, when water is
experiment (Table 1). hydrogen bonded to=€0, the G=0 stretch frequency shifts

It is well established that the=€0 stretch and the NH down by 27 cm* while the N—-H bend shifts up by 10 cm
bending frequencies are sensitive to the local hydrogenand the G-N stretch in deuterated amide also shifts up by
bonding and/or other electrostatic interactions; an increasel0 cnt®. Such results suggest that botk=O stretch and
of the hydrogen binding strength on the=O bond will the N—H bending frequencies need to be obtained to
decrease the €0 stretch frequency, while an increase of determine hydrogen bonding interactions with either tke C
the hydrogen binding strength on the-N bond will increase O or the N-H moieties alone. Fortunately, according to
the N—H bending frequency7 17, 18). However, little is the calculations, the shifts of the=€© stretch and the NH
known experimentally about if and how the change of the bending frequencies induced by the hydrogen bond formation
hydrogen bonding strength on the=© bond will affect the are additive. For example, the frequency shifts of tkeCC
N—H bending frequency, or vice versa, in an amide, since stretch caused by formation of a hydrogen bond to tke C
such experiments are extremely difficult (if even possible) O bond are 27 cm with a water molecule and 10 crh
to perform. Thus, vibrational normal mode calculations were with a N—H bond. The sum of the two shifts, 37 chis
performed on the CXF complexes with water hydrogen identical to that caused by the formation of two simultaneous
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hydrogen bonds to both moieties (Table 2). The same is and aAv'°®@\_, of 19 cnT. Therefore, the local interactions
true for the N-H bending frequency changes. The additive with both the G=O and N-H bonds are stronger in the
feature of the frequency shifts of the<© stretch (or N-H protein complex than that in methylene chloride. By
bending) is not only true for normal hydrogen bonding but comparison of the frequencies of CXF in water relative to
also true for much stronger electrostatic interactions. The their respective frequencies for CXF in methylene chloride

calculations show that a Naon in close contact with the  (Avc—o = —32 cnt! and Avy—py = 41 cnT?; Table 1),
C=0 bond of CXF and a hydrogen bond to the-N moiety AvVoe_o = —23 cntt and Avledy_y = 32 cntl. Our

by a water molecule induces-al06 cnt? shift in the G=0 results indicate that the hydrogen bonding strength pattern
stretch frequency (Table 2), and this shift is almost the samefor the G=O moiety is as follows: LADH/NADH/CXF

as the sum of the €0 stretch shifts caused by a N&n complex> water> methylene chloride. On the other hand,

near G=0 alone (100 cm') and by a water molecule near  the pattern for the NH group is as follows: water LADH/
N—H alone (10 cm?). The same is true for the A\H NADH/CXF complex> methylene chloride.
bending frequency, where the upward shift caused by both  gqimate of Local Binding EnthalpiesPrevious experi-

water and Na is 76 cn1?, only 3 cmt different from the . ;
o mental studies have established that the=CC stretch

SET gf the 33;”‘1 shift due to water alone and the 44T o0 ency of a simple molecule is linearly correlated with
shift due to alone. ) the interaction enthalpy between a single electron acceptor

Thus, the observed frequency shift of the=O stretch and the G=0 bond (9). Hence, shifts in frequency of this
mode,Ave—o, can be treayed as the sum of two terms: one bond have been used to monitor the strengths of hydrogen
du? tol the hydrogen bonding change on the localdbond, bonds. For example, every 1 cirshift of the CG=0 stretch

ocal ) !

QZH Bzo’ dazd riﬂgeothersdugl tol th;ahchabnge mzafr the rernOtefrequency of acetone corresponds to a change of about 0.47

hift f?t? ,N—VH b =d°.' |m|§1rg, €o ser\I/e bre;que?ca/ kcal/mol in hydrogen bond interaction enthal@g). How-
shitt ot the €naing mogdeavy-, can aso ve treate ever, for the GO group in different molecules, the numer-

local remot
?ost;]r:aﬁ;g;c?];;heet\r:veoaﬁ;m boNn_; :r? dd (ﬁ;’e o jl\’lm:aHrg;?)te ical values of the coefficient in the correlation differ because
9 of varying C=0 bond polarizabilities. Thus, it is necessary

change near the €0 bond, respectively. Additional ' . . .
. . to determine the correlation for each molecule being studied
calculations on models of CXF complexed withNar water o .
to make accurate predictions. One method is to measure

fixed at various distances from the=® or N—H bond ;
suggest that for each 1 crhshift of the G=O stretch the hyo]rogen bond enthalp|es—f(xH) between a %O
containing molecule and a series of phenol derivatives,

frequency, the NH bend frequency will shift about 0.4 crh thereby constructing AAH versus frequency change cor-

in the opposite direction if the environmental change is near relation. However, this methad cannot be applied to primary

the G=0 bond Av®m%_y = 0.4Av°%_s); for each 1 cm? . g .
shift of the N-H bending frequency, the €0 stretch and secondary amides _because bothtNand G=0 will
form hydrogen bonds with phenols.

frequency will shift about 0.3 cnt in the opposite direction

if the environmental change is near the-N bond (Avemote._ Thus, an alternative method is used for CXF that employs
o = 0.3Av"cay ). Thus, we have the concept of (electron) “acceptor numbers” (AN) for
various solvents20). A linear relationship between the

AVe_o= Av'ocalc=o — 0.3AV'°CE’"N_H (1) acceptor. number; of a series qf solvents and vibrational

frequencies of a given molecule in those solvents can often

Avy_y = Av'°°a'N,H — 0_4AV'00alc=o 2) be found and is a measure of the polarizability of a given

bond. The G=O stretch frequencies of acetone in a number

The variations in the numerical factors 0.3 and 0.4 obtained Of solvents have been measured, and they are plotted against
from different model calculations are0.05, which contrib-  the acceptor numbers of the solvents in Figure 5. It can be
utes am-20% error in the calculateti'*¥-_g and Av'ecay_, seen that the relationship betweerrQ frequencies and the
from the observed frequencies. Since the results of theacceptor numbers is indeed linear. A least-squares curve
calculations match the €0 stretch mode in deuterated fitting of the data points yieldAAN = —2.56Av for acetone.
amide better than in protonated amide due to the underes-The same procedure applied to CXF yieldsAN =
timation of the coupling between=€0 stretch and N-H —0.99v. However, a correction to the observed frequencies
bending, the &0 stretch frequencies of the deuterated is necessary since the ab initio calculations suggest that only
amides should be used in egs 1 and 2 to calculate&?.—o about 70% of &0 stretch frequency shift of CXF is due to
to reduce the error. the hydrogen bonding changes near thre@bond while

The Raman results show that the=O stretch shifts by ~ the rest is due to the hydrogen bond change neaHNeq
—16 cn! (Avc—o) and the N-H bending shifts by-9 cn1? 1). After this correction, the relationship becom®ea&N =
(Avn-p) in the LADH/NADH/CXF complex relative to their ~ —1.4Av. According to this relation, the €0 group of
respective frequencies for CXF in aqueous solution, which the amide is more polarizable than that of acetone, as

yields aAv°a_s of —21 cntt and aAv'°cay_, of —18 expected. Since the correlation between the change in
cm L. Therefore, the local interaction with the<© bond interaction enthalpy and the=€D frequency shift is known
is stronger in the protein complex than that in aqueous for acetone AAHaceone= 0.47Av; enthalpy in kilocalories
solution, while that with the NH bond is weaker. The€ per mole and frequency in inverse centimeters), the acceptor

O stretch shifts by-48 cm ! (Avc—o) and the N-H bending number versus €0 frequency shift correlation for CXF can
shifts by 36 cm! (Avn-y) in the LADH/NADH/CXF be converted to that betweeNAH and Av, using the
complex relative to their respective frequencies for CXF in conversion factor obtained from the two acetone correlations.
methylene chloride, which yields a'°?._q of —43 cn1? The conversion yieldAAHcxr = 0.26Av for the CXF G=
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Ficure 6: pH dependence ®-cyclohexylformamide binding. The
dissociation constants for the formamide were determined from the
competitive inhibition against varied concentrations of acetaldehyde.
Buffers in the pH range of 5:59.0 contained 10 mM sodium
pyrophosphate, sufficient phosphoric acid to obtain the desired pH,
and sodium phosphate to make an ionic strength of 0.1. For pH
0 ¢ values of 10.0 and 10.5, the 10 mM sodium pyrophosphate was
: : | | : | adjusted to the desired pH and the ionic strength of 0.1 with sodium
1640 1660 1680 1700 1720 1740 o1 carbonateZ9). Inhibition constants were determined atZ5with
acetaldehyde as the varied substrate (622 mM at pH 5.5, 6,
FicurRe 5. Effects of solvents on the =€0 stretch frequency. and 7, 0.1+1.0 mM at pH 8, and 0.0560.50 mM at pH 9, 10,
Acetone (t), N-cyclohexylformamide (CXF) with deuterated-ND and 10.5) and NADH fixed at 0.2 mM. The concentration of
(©), and that after 30% frequency reductio®)( The observed inhibitor was varied over a 4-fold range. Initial velocities were
Raman frequencies of the=@ stretch are plotted against the getermined using a Cary 118 spectrophotometer to measure the
“acceptor numbers” (AN) of the solvents. The solvents used in the change in absorbance at 340 nm due to NADH oxidation. The
Raman experiments were (in ascending order of the acceptorcaiculation of turnover numbers was based on the concentration of
number, AN) hexane (0), C&(8.6), nitrobenzene (14.8), GEN enzyme active sites determined by titration with NAM the
(19.3), CHC4 (23.1), CHCH,OD (37.1), CHOD (41.3), and RO presence of 10 mM pyrazole, and the specific activity for titratable
(54.8). The straight lines are the linear least-squares curve fits for enzyme in the standard ass&@)was 2.7 units/mg. The inhibition
the experimental data. data at each pH were fitted to the equation for competitive inhibition
(31). The pH dependence for each kinetic parameter was fitted to
O stretch mode. The correlation coefficient of the relation- the logarithmic form of the equatioti= Yna/(1 + Ky/[H*]) with
ship, 0.26, is very similar to that determined fbkN- the NONLIN program (C. M. Metzler, The Upjohn Co., Kalamazoo,

dimethylpropionamide using the standard metHi®), (which MI): () V/Kq, for acetaldehyde in units of mM s™, where (K,
Yiprop 9 iy, = 8.6+ 0.1 and V/K)max = 400 64 MM 5L (@) log(1K)

is 0.24 (unpublished data). , _ . in units of mML, where K, = 10.5+ 0.1 and K)max = 6.8 +
Accordingly, the change in the effective local interaction .2 ,M: and (a) V/E, turnover number in'g, where K, = 8.3+
energy between the=€0 bond of the CXF and the enzyme 0.2 and Y/E)max = 87 + 24 s'L.

resulting from a—21 cnt?! frequency shift (see above) is .
about 5.5 kcal/mol more stable in the LADH/NADH/CXF ~ below a X of 10.5. The group in the E/NADH complex
complex compared to that in aqueous solution. Although a that is responsible for thiskpmay be a water bound to the
direct quantitative relationship between the hydrogen bonding catalytic zinc. In the three-dimensional structure of the
enthalpies and the ©H or N—H bending frequencies has térnary complex, the water is displaced by the oxygen of
not been firmly established, we have obtained an approximatet€ amide, and it is presumed that the complex is electrostati-
correlation between the bending frequency shift and interac- ally neutral (). The enzyme is also maximally active at
tion energy change; every 10 cinshift of the bending Ipw pH: The b|nd|r_19 oN-cyc_IohexyIformam_lde is 1.6-fold
frequency corresponds to arD.8—1.0 kcal/mol change in  tighter in DO than in HO, using 33 mM sodium phosphate
the energy 21). Thus, the—18 cnr? shift of the N-H buffer at pH_8..Add|t|on of 0.2 M KCI did not significantly
bending caused by the local interaction on theHNbond affect the binding of CXF.
corresponds to af1.5 kcal/mol change in enthalpy in favor
of the aqueous solution compared to that in the LADH DISCUSSION
ternary complex. On the basis of these observations, we N-Cyclohexylformamide is an analogue of the aldehyde
conclude that the amide moiety of CXF contributes a net of substrates of LADH and binds to the enzyme/NADH
about 4.0 kcal/mol of enthalpic energy stabilizing inhibitor complex in a manner that suggests that it could resemble
binding to the protein. the ground state structure of an active Michaelis complex
Binding of CXF to LADH/NADH. Most of the Raman  (1). The oxygen binds to the catalytic zinc (2.3 A) and forms
spectra were collected with the enzyme at pH 9.6, where a hydrogen bond to the hydroxyl group of Ser-48 (2.6 A),
high concentrations of soluble enzyme could be obtained. and the carbonyl carbon is 4.0 A from C4 of the nicotinamide
We determined the pH dependence of binding to assess theing in an orientation that would be suitable for direct transfer
active form of the enzyme. Figure 6 shows that binding of of a hydride ion to thee face of the carbonyl group (Figure
CXF to the enzymeNADH complex is independent of pH 7).

10
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Ficure 7: Binding of N-cyclohexylformamide to the LADH/NADH complex. The coordinates from PDB entry 1LDY were ubed (

How the enzyme activates the aldehyde for catalysis is bandwidths arise from a sum of homogeneous broadening
the subject of this investigation. The=© stretch mode of  (due to couplings to other internal modes of the molecule)
the amide of CXF when it is bound to the enzyme/NADH and heterogeneous broadening. The latter is due to varying
complex and the NH bend have been measured. These environments of the molecule which leads to a slightly
results apply to protein in solution and represent native different position of the central vibrational frequency (cf.
conditions. Changes in frequencies of these vibrational ref 23 for a more complete discussion of this for the lactate
coordinates when the inhibitor binds relative to their values dehydrogenase system). A reduced bandwidth is indicative
in water or in a hydrophobic environment describe the of a reduced set of environments or reduced conformational
changes in local interactions that take place betweenthe C accessibility. This also reduces the entropy of CXF when it
O and N-H bonds with their respective environments. The is bound to LADH/NADH compared to that of CXF in
central result is that the=€0 bond of the bound inhibitor  solution. Since the entropy must be lost to bring the NADH
has been polarized at the active site relative to its value in and G=0 bond of the aldehyde substrate together with the
aqueous solution and even more so relative to that in aright orientation for the reaction to occur in LADH, the
hydrophobic environment. The aldehyde bond is polarized entropy loss realized in the ground state effectively lowers
by favorable, essentially electrostatic, interactions betweenthe transition state barrier and enhances the reaction rate
the G=0 moiety and the protein, presumably mostly due to (24).

the active site zinc with contribution from the hydrogen bond  The downward shift in the amide-NH bend of CXE when
to the hydroxyl group of Ser-48. The total of these it pinds to the enzyme/NADH complex from that in water
interactions is estimated in the Results to be equivalent to ajs jndicative of the loss of hydrogen bond interaction energy
hydrogen bond whose enthalpy is 5.5 kcal/mol stronger than 5 |oss of about 1.5 kcal/mol as estimated in the Results).
itis for CXF in water or 11 kcal/mol stronger than that found  However, there is still apparent hydrogen bonding between
in a hydrophobic (methylene chloride) environment. the N-H moiety and the protein since the-Mi bend
Such evidence of €0 bond polarization is almost frequency still lies at a higher frequency than that found in
certainly important for the mechanism of catalysis in LADH. the hydrophobic non-hydrogen bonding environment of
It is generally believed that the transition state for hydride methylene chloride. In fact, it is estimated that there is an
transfer in the dehydrogenases contains considerable polaeffective stabilizing interaction energy of the-\ group
+C=0" bond character. Hence, stabilization of such polar of bound CXF of about 1.5 kcal/mol relative to a hydro-
resonance structures would lower the height of the transition phobic environment. As a part of the crystallographic results
state barrier for hydride transfer. These results show directly of the LADH/NADH/CXF complex (), there is no usual
that the effect of binding to the active site of LADH is to proton acceptor for the NH moiety. However, the position
stabilize such structures as reported in the measurement obf binding of the CXF to the enzyme/NADH complex
the ground state, Michaelis-like complex. It is not possible suggested that the-\H of the amide could form a catienir
to estimate how much the transition state is lowered when interaction 25) with the benzene ring of Phe-93 since the
CXF binds to LADH/NADH from this study. However, distance between the N and CE1 of Phe-93 is 3.014 (
results from a similar system, lactate dehydrogenase, whenComplexation energies calculated for tNemethylforma-
a systematic series of measurements were taken on mutantide—benzene interaction at the HF/6-31G** level suggest
proteins elucidated a correlation between ground state C that the interaction could contribute up to 2.5 kcal/mol to
O bond polarization and changes in rate enhancement thathe binding, at the optimized distance of 3.726), This is
suggested about half of this enzyme’s catalytic power comesreasonably consistent with the value of 1.5 kcal/mol deduced
from such electrostatic stabilizatio@3). from the changes in frequency of the-l bend.

The results also show that the number of conformations  Finally, the measured inhibition constant of CXF in
accessible to the inhibitor is decreased in the enzyme aqueous solution suggests that the total binding Gibbs free
complex compared to water, hence demonstrating reactanienergy ) on the CXF in the LADH/NADH/CXF complex
immobilization. This conclusion comes about because theis about 7 kcal/mol more favorable than that in aqueous
bandwidths of the vibrational modes are substantially nar- solution. Since this made up of both enthalpic and entropic
rowed upon complex formation (cf. Figure 3a). Vibrational components, and the entropitAS term of the Gibbs
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free energy is almost certainly unfavorable, the binding
enthalpy is greater than 7 kcal/mol. Our results show that a a. LADH/NADH/CXF in D,0
net of about 4 kcal/mol for the enthalpic binding energy is
from the amide moiety and the rest apparently is from the

hydrophobic interaction of the cyclohexyl ring with the ‘
protein residues. The binding of the carbonyl group to the M

— 1450
— 1660

1682

catalytic zinc and the hydrogen bonding of the oxygen to
the hydroxyl group of Ser-48 would account for about 5.5
kcal/mol of the enthalpic term. The binding of the amide | ‘

b. LADH in D,O

N—H moiety is destabilizing. However, it clearly would be
even more destabilizing if not for the catiom interaction LA
at the binding site. ¢. LADH(odd) - LADH(even) X 20
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APPENDIX e. (LADH/NADH/[*CJCXF - LADH) X 5
In this Appendix, the relative sizes of the Raman peaks 8
from NADH and CXF are studied to help make the Nl
assignments of some of the Raman bands observed in Figure |
3. Also, this section shows examples of the primary spectra J

used to generate the protein isotope-edited difference spectra
presented in the text and the controls used to obtain them.
In the difference Raman experiment, the LADH/NADH/CXF  Ficure 8: (a) Raman spectrum of LADH/NADMcyclohexyl-
and LADH (or LADH/NADH/labeled CXF) samples were formamide (CXF) at #C in 100 mM pyrophosphate buffer at pH
loaded into a split Raman cell and the Raman spectra were?l-?C(Pnng‘Oe:ﬁ,rwrS;g')B%)o'sr;ﬁt-e(?uﬁggﬁglj%egt(rgl[l“rg;t'ﬁ?e“a dailrt1g)
taken alternately from the two samplé§.( Up to 10 runs in D,O. (c) Difference spectrum between even-numbered LADH
were taken from each sample, and the spectra were theryns and odd-numbered LADH runs, with the result multiplied by
summed and averaged. The averaged spectrum so obtained factor of 20. (d) Difference spectrum between spectra a and b,
for the LADH/NADH/CXF complex is shown in Figure 8a,  With the result multiplied by a factor of 5. (e) Raman difference
while Figure 8b shows that of LADH. As a control SPectrum between LADH/NADHACICXF and LADH, with the

. result multiplied by a factor of 5.
experiment, the odd-numbered runs and even-numbered runs
of the LADH sample were averaged, and their difference
spectrum is shown in Figure 8c (enhanced by a factor of
20). This difference spectrum should be completely nullified;
in fact, the noise in this spectrum, all of which is simple
shot noise and is free from systematic subtraction artifacts,
is 0.2% of the amide | band of LADH.

In the subtraction process, two Raman bands were use
as internal references, the amide | band at 1660'cand
the 6CH band at 1450 cnt. A multiplication factor,
typically ranging from 1.03 to 0.97, was applied to one of

the spectra and adjusted so that these two bands were n . ; - .
longer visible in the final difference spectrum. Since the the isotope-edited spectrum shown in Figure 3a. Additional

peak-to-peak intensity in the spectrum of the control (Figure experiments slqgggsted that the bounq NADH band_s at 1598
8c) is about 0.2% of the 1655 cthband intensity of the ~ 2nd 1615 cm®in Figure 8d are sensitive to CXF binding.
original spectrum, the noise level in our other difference Adiusting the relative CXF and NADH concentrations
spectra is expected to be the same. Figure 8d shows thdorming the LADH/NADH/CXF complex changed their
difference spectrum between LADH/NADH/CXF and LADH,  intensities slightly. Since these NADH peaks are about 20
with both the 1450 and 1660 crhbands subtracted properly; imes more intense than the=o stretch of CXF, a 5%
Figure 8e shows the difference spectrum between LADH;/ difference in the concentration between CXF andiG-
NADH/3C-labeled CXE and LADH. In these difference labeled analogue is enough to introduce intensity changes
spectra, all the major peaks are from the dihydronicotinamide Of these bands comparable to theQ stretch band intensity
moiety of NADH in the ternary complex (cf. re87 and of the CXF in the isotope-edited difference spectrum. Thus,
28). The intensity of the most prominent band at 1681 we believe a small imbalance between the CXF &l@t
cm ! is about 30% of the intensity of the major protein labeled CXF is responsible for the peaks labeled with an
band at 1660 cmi. All other visible peaks in the difference  asterisk in the difference spectrum shown in Figure 3a.

I | I \ ‘
1000 1200 1400 1600 cm?

spectra have intensities of about 1% of the 1660cpnotein
peak or higher, well above the noise level. The Raman
intensities of the CXF bands are very weak compared to those
of the Raman bands of NADH. For example, the small peak
at 1633 cmt in Figure 8d is the €0 stretch of CXF. This
assignment is supported by its disappearance'3+
dsubstituted CXF (Figure 8e) and the concomitant appearance
of a shoulder to the 1598 crhband at 1592 ¢, suggesting

that the 3C=0 stretch lies at 1592 cm in the labeled
ternary complex. These peaks becomes more prominent in
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