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Abstract

Short chain.-3-hydroxyacyl CoA dehydrogenas8CHAD) is a soluble dimeric enzyme critical for oxidative metab-

olism of fatty acids. Its primary sequence has been reported to be conserved across numerous tissues and species with
the notable exception of the pig heart homologue. Preliminary efforts to solve the crystal structure of the dimeric pig
heart SCHAD suggested the unprecedented occurrence of three enzyme subunits within the asymmetric unit, a phe-
nomenon that was thought to have hampered refinement of the initial chain tracing. The recently solved crystal
coordinates of human heart SCHAD facilitated a molecular replacement solution to the pig heart SCHAD data.
Refinement of the model, in conjunction with the nucleotide sequence for pig heart SCHAD determined in this paper,
has demonstrated that the previously published pig heart SCHAD sequence was incorrect. Presented here are the
corrected amino acid sequence and the high resolution crystal structure determined for pig heart SCHAD complexed
with its NAD* cofactor (2.8 A; Reryst = 22.4%, Ryee = 28.8%. In addition, the peculiar phenomenon of a dimeric
enzyme crystallizing with three subunits contained in the asymmetric unit is described.
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During the metabolism of fatty acids by thgoxidation spiral, Two forms ofL-3-hydroxyacyl-CoA dehydrogenase are gener-
L-3-hydroxyacyl-CoA dehydrogena$EC 1.1.1.3% catalyzes the ally encountered. Short chain-3-hydroxyacyl-CoA dehydrog-
oxidation of the hydroxyl group af-3-hydroxyacyl-CoAto a keto enase(SCHAD) is a soluble dimeric enzyme with a subunit
group, concomitant with the reduction of NADto NADH, as  molecular weight of~34 kDa. It demonstrates fairly broad sub-
shown in Scheme 1. The enzyme is a “B-side”-specific dehydrogstrate specificity using substrates containing 4—16 carbons in the
enase(Noyes et al., 1974with hydride transfer occurring on the acyl chain, but exhibits significant product inhibition with longer
si face of the nicotinamide ring. An active site His-Glu pair is chain substrategKobayashi et al., 1996 Long chain L-3-
thought to be essential for catalysis with histidine serving as éydroxyacyl-CoA dehydrogenaseCHAD) is a component of a
general base in the abstraction of the proton from the 3-hydroxymembrane-associated multifunctional enzyme complex and dis-
group of the substrate. The conserved glutamate has been shownptays optimal activity toward substrates with 12—16 carbons in the
position the active site histidine and may modulate Kg fHe & acyl chain. SCHAD and LCHAD share considerable sequence
Yang, 1996; Barycki et al., 1999 homology and display overlapping substrate specifi¢§ghulz,
1996. A third enzyme, which also catalyzes the oxidation of short
chainL-3-hydroxyacyl-CoA substrates, has been reported, but it is
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significant sequence homology to SCHAD or LCHA®Buruta tity of pig heart and liver SCHAD, and illustrates an intriguing
et al., 1997. crystal packing phenomenon.

Clinically, deficiencies of SCHAD and LCHAD activities are
manifested as hypoketotic hypoglycemia, hypertrophic cardiomyopR esults
athy, skeletal myopathy, and liver dysfuncti@ennett et al., 1996;
Isaacs et al., 1996; Pons et al., 1896ne of the most common
mutations resulting in LCHAD deficiency is the substitution of the
active site glutamate with a glutamine resid& 74Q within the Molecular replacement techniques using the dimeric human heart
a-subunit of human mitochondrial trifunctional protein. This mu- SCHAD structure as a probe provided an unambiguous solution to
tation within the His-Glu active site pair has been correlated withthe phase problem of the pig heart diffraction data set. Three of the
maternal acute fatty liver of pregnan@y~LP), sudden unexplained top five possible molecular replacement solutions were equivalent
infant death, and Reye-like syndroniksaacs et al., 1996 Be- and the initial model placement resulted in BRgys; of 43.7%.
cause LCHAD is a component of a membrane associated multiFurthermore, examination dfF,| — |F;| electron density maps
enzyme complex, its characterization is inherently more complexrevealed well-defined density for NADbound to subunits A and
Therefore, most studies have focused on the soluble dimeric SCHAB, even though coordinates for the cofactors were not included in

Molecular replacement and model building

and its properties. the probe. Similarly, as noted below, density was observed for the
An examination of a previous amino acid sequence alignment othird subunit, subunit C. These observations indicate that the cor-
multiple L-3-hydroxyacyl-CoA dehydrogenaséBarycki et al.,  rect molecular replacement solution was selected. After the initial

1999 suggested that pig heart SCHAD may be of biochemicalrounds of refinement, two facts became readily apparent. First, the
interest due to unique regions within its primary sequence. Impreviously published amino acid sequence of pig heart SCHAD is
particular, a two amino acid deletion and a seven amino acidncorrect. Second, three subunits are indeed contained within the
insertion had been reported for the pig heart enzyBitar et al., asymmetric unit as previously reported. The first point is best
1980, neither of which are observed within the numerous LCHAD illustrated by the electron density shown in Figure 1. Depicted are
and SCHAD sequences examined. The two amino acid deletioresidues 105-119 of subunit A of the final pig heart SCHAD
occurred after Phel159, in the region between the active site histinodel superimposed on dR| — |F.| simulated annealing omit
dine, His158, and the required glutamate residue, Glul70. Thenap of the region, contoured a&r1The previously reported pig
seven amino acid insertion was found after Glu110 in the NAD heart sequence predicted a seven amino acid insert between resi-
binding domain. As judged by comparison with the human heardues Glu110 and Asnl111. No density for this insert was observed,
SCHAD crystal structuréBarycki et al., 1999 the insertion would  and the existing density corresponded closely to the human heart
occur in a region involved in coordination of the nicotinamide SCHAD model. Similarly, a two amino acid deletion after Phe159,
ribose ring. Recently, the cloning and sequencing of pig liveras predicted by the previous report, is not evident. The density in
SCHAD were reportedHe & Yang, 1998. The pig liver enzyme  this region also correlated with the human heart model and was
sequence also differs from that previously reported for pig heart irconfirmed in a simulated annealing omit mégata not shown

the same key regions. The authors cite different catalytic propertie$herefore, the density was modeled using the sequence of the
for the pig liver enzyme relative to the pig heart enzyme, whichhuman heart enzyme until that of the pig heart could be determined
along with the sequence differences, suggest the existence of difsee below. Refinement of the complete dimer contained in the
ferent isoforms of SCHAD. However, the primary sequence andasymmetric unit, the A-B dimer, proceeded without incident.
structural determinations reported in this paper call these asser- The presence of a third subunit within the asymmetric unit had
tions into question. been suggested in previous studigtolden & Banaszak, 1983;

In addition to its potential biochemical interest, the structureBirktoft et al., 1987. However, the unique packing arrangement
determination of pig heart SCHAD provided a chance to study arhad been viewed with some skepticism considering the enzyme is
intriguing crystallographic phenomenon. A preliminarycarbon  active as a dimer, and the refinement could not progress beyond a
chain tracing of pig heart SCHAD complexed with NADwvas  preliminarya-carbon tracing. In this paper, several secondary struc-
described in a previous report from this laborat@yrktoft et al., ture elements of the third subunit were visible within the electron
1987). However, the pig heart model could not be sufficiently density after initial placement of the search probe. Within a few
refined to include amino acid side-chain positions presumably berounds of refinementRgys; = 31.8%, Riee = 38.299, the third
cause of the peculiar occurrence of 1.5 dimess, three subunijs  subunit could be partially seen along the crystallographic twofold
within the asymmetric unit. Assisted by the recently solved humaraxis(Fig. 2). The coordinates for subunit A were then used to begin
heart structure, this unique crystallographic occurrence has beanodeling the third subunit; subunit C was initially placed by
re-examined in an effort to gain insight into the supposed tissuevisually aligning the secondary structure elements of the NAD
specific differences among pig-3-hydroxyacyl-CoA dehydrog- binding domain into the electron density. Many side chains were
enases. The original pig heart SCHAD diffraction data wereclearly identified in this region, which aided in the initial place-
evaluated using molecular replacement techniques and the cDN#ent. Note that since the human heart SCHAD dimer was used as
sequence determined. The structural model for pig he&t the probe, the presence of the C-subunit was not detected in the
hydroxyacyl-CoA dehydrogenabevas found to be consistent with  molecular replacement solutions. Rigid body refinement of the
the deduced amino acid sequence, both of which confirm the iderthird subunit yielded a model withRys; = 28.8% andRyee =

32.6%.
Examination of the map in the region of subunit C revealed that
4Coordinates and structure factors for pig heart SCHAD have beerthe electron density was considerably weaker for the third subunit

deposited in the Protein Data BafiRDB) with accession codes 3hdh and compared to the other subunits. In particular, the C-terminal do-
r3hdhsf, respectively. main of subunit C appeared quite disordered, although weak den-
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Fig. 1. Stereodiagram of a simulated annealing,2— |F;| omit map contoured atd. The electron density corresponds to the region
of the proposed seven amino acid insertion between residues Glu110 and Asn111. Also shown for comparison are residues 105-119
of the final pig heart SCHAD model.

sity could be observed for several of ishelices. Furthermore, 245-254 and 278-295 of subunit C be assigned occupancies of 0.5
B-factor refinement of the three subunits as individual domainsto reflect their relative disorder. Despite attempts to improve the
suggested that the averaBefactor for subunit C was more than density in this region, numerouys,| — |F.| peaks are observed in
40 A2 greater than subunit A. Evaluation of the model of subunitthe C-terminal domain of subunit C in the final model. The density
C also suggested some problem with its placement. Generation af the NAD* binding domain is reasonably well defined, but the
the symmetry mate of subunit C to produce the C—C dimer indi-B-factors of atoms in this region are quite high80 A2). Al-
cated subunit—subunit interactions quite different than those obthough the presence of the third subunit within the asymmetric unit
served in the A-B dimer. In fact, numerous steric overlaps werds evident, the model in this region should be viewed with suspi-
observed across the crystallographic twofold axis. The loop recion due to the considerable disorder that has been observed.
gions in the C-terminal domain were removed, and dHeelical Statistics for the final SCHAD model, which has &gys =
regions of the C-terminal domain were then subjected to rigid body22.4% andRye. = 28.8%, are given in Table 1. Three amino acid
refinement. The resulting electron density map allowed several ofesidues are found in the “disallowed” region of the Ramachandran
the loop regions in the C-terminal domain to be rebuilt. Empiricalplot as judged by analysis with PROCHEGKaskowski et al.,
calculations that monitoreBys; and Riee SUggested that residues 1993. They correspond to Phe205 of each subunit and adopt a

Subunit B

el

Fig. 2. Stereodiagram of a section of the pig heart SCHAD unit cell. The unusual occurrence of three subunits within the asymmetric
unitis illustrated in relation to the crystallographic symmetry axis. Subunits A aideBk and gray, respectivelform a dimer related

by local symmetry within the asymmetric unit. However, the oligomerization interface of subyredCand its dimeric partner C

(blue) is coincident with a crystallographic twofold rotation axis.
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Table 1. Model and refinement statistics of pig heart SCHAD

2013

deletion after Phel59 as reported previou@ytar et al., 1980
Furthermore, the pig heart amino acid sequence is identical to the

Resolution 20-2.8 A liver sequence as deposited in Genb&Ak027653. This strong
o cutoff _ 1.0 conservation of primary structure continues across species with the
Number of reflections 24,618

Completenesshighest shell
Reryst (highest she)P
Riree (highest she)P

84.7%(63.2%
22.4%(31.6%
28.89%(34.4%

pig heart exhibiting nearly 95% identity to the human heart sequence.

Number of protein atoms 6510 Overall structure
Number of ligand atoms 132
Number of water molecules 23 Once the corrected pig heart SCHAD sequence became available,
AverageB-factor model refinements were completed. The pig heart SCHAD mono-
Subunit A 48.2 A mer is depicted in Figure 4 with the N- and C-termini labeled and
Subunit B 57.6 A the NAD* cofactor indicated. Briefly, SCHAD exhibits a two
R'jgg“ggn% lengths 802'010';\ A domain topology with the N-terminal domafresidues 12-201of
RMSD bond angles 1'_50 each subunit containing an elght-stra_nciédheet. The first six
RMSD dihedral 214 B-strands are parallel and adopt a typical Rossmann fold that ac-
RMSD improper 0.80 commodates binding of NAD. The remaining two strands are
Ramachandran geometry also parallel but in the opposite direction of the first six. The active
Most favored 81.7% site residues His158 and Glul70 are located in str@édand37,
Allowed 17.7% respectively. The C-terminal domainesidues 207—302of each
Generously allowed 0.3% monomer is primarily alpha helical and mediates subunit—subunit
Disallowed 0.4% dimerization. The orientation of the NADbinding domain rela-
cis-Peptides 3 tive to the C-terminal domain is determined by a short linker

ach/st = ElFo - Fc‘/z“zo‘-

bAN Ryee test set of 5% of the total reflections was used.
‘The Ramachandran geometry was monitored using PROCHECKy RMS deviation RMSD) of 0.96 A for a-carbons. This is com-

(Laskowski et al., 1993

region (residues 202—-206which appears to be important in cor-
rect positioning of putative active site residues. The pig heart
structure is nearly identical to the equivalent human structure with

parable to the variations observed between subunits of the pig
heart crystal structure. For example, subunits A and B exhibit an
RMSD of 0.92 A. Therefore, the reader is referred to the descrip-
tion of the human heart enzyme, which was determined at 2.0 A

conformation near th@-turn region of the Ramachandran plot. resoution, for further details of the tertiary structuiBarycki
This unusual geometry is stabilized by numerous electrostatic ing; al., 1999.

teractions, several of which are also involved in positioning the ope of only two significant differences between the human and
active site glutamate, E170. As mentioned above, the averaggig heart structures occurs within the helix-turn-helix mati2,:3)
B-factor for subunit C is considerably higher than that of either ¢ gypunit B (Fig. 5. Between residues 60B through 80B, an

subunit A or B, which reflects the relative disorder of this subunit. RpsD of 3.3 A fora-carbons is observed. The inward bend of the
Overall, the statistics are comparable to those of other structurege|ix-turn-helix “tail” in the pig heart structure is the result of

determined at this resolution. steric repulsion. Specifically, if residues 71-75 of subunit B were

to remain in a conformation similar to the corresponding human
structure, they would overlap residues Asp93, Ser96, His99, and
Phel25 of the symmetry-related subunit A. As the pig heart struc-
ture is modeled, the closest contact between the “tail” of subunit B
Discrepancies between the observed electron density and the pread the symmetry-related subunit A is greatentBal and occurs
viously published pig heart SCHAD primary structure promptedbetween the backbone carbonyl of Glu72B and the aromatic ring
the re-examination of the sequence information. The pig hearbf Phel25A.

sequence had been determined by Edman degradation of proteo-The other significant difference is found at the interface of the
lytic peptide fragmentgBitar et al., 1980. In the current study, C-—C dimer. The interactions observed for the formation of the
total pig heart RNA was subjected to RT-PCR using SCHAD spe-human heart SCHAD dimer and the A-B dimer of the pig heart
cific oligomers and the resultant single product sequenced as denzyme structure are not present in the C—C dimer. Overall, the
scribed in Materials and methods. The deduced amino acid sequenée-B dimer exhibits an RMSD of 2.6 A with respect to the C-C
of pig heart SCHAD determined by this method is presented indimer. The relatively high deviation is primarily the result of a shift
Figure 3. Probing a pig smooth muscle cDNA librdBtratagene,  at the C—C dimer interface of3 A. In particular, the previously

La Jolla, California with human heart SCHAD cDNA revealed a described Arg209-Glul1l7 salt bridges as well as the Asp231-
single gene product, which was also sequenced and is shown f&erl198 and Lys200—Asp226 hydrogen bond pairs have been dis-
comparison, as are the previously determined pig heart, pig liverupted. They have been replaced by salt bridges between the side
and human heart SCHAD sequend@sg. 3). The newly deter- chains of Arg220 and Glu217 of opposing subunits. However, it is
mined pig heart and the pig smooth muscle sequences are virtualljnportant to note that the density in this region is quite weak and
identical at the nucleotide level with only a silent single basemay not reflect a true dimer interface. In fact, removal of the entire
substitution differencédata not shown They do not contain either  C-terminal domain of the C-subunit results in only a 0.7% increase
the seven amino acid insert after Glu110 or the two amino acidn Ryee.

Sequence determinations of pig heart
and pig smooth muscle SCHAD
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++B1++ Kok ok ok ok ok ok Kok ok ++|32++ * K
Heart New SA KKILVKHVIV IGGGLMGAGI AQVAAATGHT VVLVDQTEDI
Heart 01d SA KKILVKHVTV IGGGLMGAGI AQVAAATGHT VVLVDQTEDI
Muscle SA KKILVKHVTV IGGGLMGAGI AQVAAATGHT VVLVDQTEDI
Liver SA KKILVKHVTV IGGGLMGAGI AQVAAATGHT VVLVDQTEDI

Human_Heart

HVIV IGGGLMGAGI

AQVAAATGHT VVLVDQTEDI

*********az********* ******a3~k***~k* ++B3+ -ka4
Heart New LAKSKKGIEE SLRKVAKKKF AENPKAGDEF VEKTLSE §¥ STD HS
Heart 01d LAKSKKGIEE SLRKVAKKKF AENPKAGDEF VEKTLSSIST STDAAJ: s
Muscle LAKSKKGIEE SLRKVAKKKF AENPKAGDEF VEKTLSSIST STDAASVVHS
Liver LAKSKKGIEE SLRKVAKKKF AENPKAGDEF VEKTLSSIST STDAASVVHS
Human Heart LAKSKKGIEE SLRKVAKKKF AENPKAGDEF VEKTLSZIAT STDAASVVHS
51
+B4+ ok ok ok ok o Bk ok ok ok k ++[35+ * o6
Heart New TDLVVEAIVE S KFAAEHTIFA SNTSSLQITS
Heart 01d TDLVVEAIVE KFAAEHTIFA SNTSSLQITS
Muscle TDLVVEAIVE KFAAEHTIFA SNTSSLQITS
Liver TDLVVEAIVE KFAAEHTIFA SNTSSLQITS
Human Heart TDLVVEAIVE KFAAEHTIFA SNTSSLQITS
- 101
* % * o7 ++BG+ ++B7++ ok Kk ok Kok (8% k Xk kK
Heart New LANATTRQDR FAGLHﬂ;Pg PLMKLVEVYK TPMTSQKTLE SLVDFSKi
Heart 0ld LANATTRQDR FAGLH PLMKLVEVYK TPMTSQKTLE SLVDFS
Muscle LANATTRQDR FAGLHFFNPV PML% TPMISQKTLE SLVDFS
Liver ANATTRQDR FAGLHFFNPV PLMKL TPMTSQKTLE SLVDFS
Human_Heart JANATTRQDR FAGLHFFNPV PVMKLVEVIK TPMTSQKTKE SLVDFS
144
++B8++ ********ag******** ****alo**** .
Heart New KHPVSCKDTP GFIVNRLLVP Y. 3 RGDASKEDID TAMKLGAGYP
Heart Old KHPVSCKDTP GFIVNRLLVP RGDASKEDID TAMKLGAGYP
Muscle KHPVSCKDTP GFIVNRLLVP RGDASKEDID TAMKLGAGYP
Liver KHPVSCKDTP GFIVNRLLVP RGDASKEDID TAMKLGAGYP
Human Heart KHPVSCKDTP GFIVNRLLVP RGDASKEDID TAMKLGAGYP
194
***qll** ******0(12***** ***a14**
Heart_New MGPFELLDYV GLDTTKFIfD GWHEMD K LVAENKFGKK
Heart_0ld MGPFELLDYV GLDTTKFIID GWHEMD. MNK LVAENKFGKK
Muscle MGPFELLDYV GLDTTKFIID GWHEMD LVAENKFGKK
Liver MGPFELLDYV GLDTTKFI% GWHEMD, K LVAENKFGKK
Human Heart MGPFELLDYV GLDTTKFIVYD GWHEMD K LVAENKFGKK
- 244
Heart New TGEGFYKYK
Heart 014 TGEGFYKYK
Muscle TGEGFYKYK
Liver TGEGFYKYK
Human Heart TGEGFYKYK
- 294

J.J. Barycki et al.

Fig. 3. Sequence alignment of severaB-hydroxyacyl CoA dehydrogenases. Sequence errors between the previously reported pig
heart SCHAD sequencgHeart_Old and the current pig heart sequendg¢eart New are highlighted in black. Also shown for
comparison are the pig smooth muscle SCHAD sequéhescle), the pig liver SCHAD sequencgiver), and the human heart
primary structuréd Human_Heapt with conservatively substituted residues shown in grey. Uncolored residues are identical among all

sequences. Amino acids are numbered according to the current pig heart sequence with corresponding secondary structure elements of
the pig heart model indicated.

Discussion tions that three subunits are indeed contained in the asymmetric
unit (Holden & Banaszak, 1983This is particularly interesting
The amino acid sequence and three-dimensional structure of pigonsidering the enzyme is biologically active as a dimer. Two
heart SCHAD have been re-evaluated as a result of recent adubunits occur as a dimer within the asymmetric unit using local
vances in the study of3-hydroxyacyl-CoA dehydrogenases. Crys- symmetry. The required twofold symmetry of the third subunit,
tallographic data obtained from pig heart SCHAD nearly 15 yearshowever, is coincident with the crystallographic twofold axis. The
ago have been re-interpreted using the human heart SCHAD crysverall fold of pig heart SCHAD is comparable to a previously
tal structure as a molecular replacement probe. The structure of pigported preliminary chain tracin@irktoft et al., 1987, as well as

heart SCHAD has been determined and confirms previous indicato the analogous human enzyme structure. The pig heart structure
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Possible errors in the previously reported pig heart SCHAD
sequence first became apparent during the initial rounds of refine-
ment of the model. In particular, the seven amino acid insert after
Glul110 was not indicated in the electron dengfjg. 1), nor was
there evidence for a two amino acid deletion after Phe159. Deter-
mination of the correct pig heart primary structure confirmed that
an earlier sequence determinatiBitar et al., 1980 contained
minor errors. As mentioned above, the previously reported pig
heart sequence was the only one with either the seven residue
insert or the two amino acid deletigfig. 3). The initial pig heart
SCHAD sequencéBitar et al., 1980 was determined by protein
chemistry techniques. The enzyme was processed into short pep-
tides that were separated and then sequenced by Edman degrada-
tion. The individual peptide sequences were then pieced together
to give the complete protein sequence. The reported deletion after
Phel59 may be explained by the repetitive nature of the region.
The correct sequence is His158-Phe-Phe-Asn-Pro-Val-Pro-Leul65
whereas the previous sequence reported is His-Phe-Asn-Val-Pro-
Leu. Perhaps the repetitive Phe-Phe sequence was interpreted as
carryover from the previous sequencing cycle. The insertion after
Fig. 4. Pig heart SCHAD model. A single subunit of pig heart SCHAD is G|u110 is harder to rationalize without the primary data. It is
modeled as a rlbbo_n diagram. Secondary§tructur¢ ele_ments are labeled ai?lqportant to note that two protein bands were often observed by
numbered sequentially from N to C terminus as in Figure 3. The NAD . o
cofactor, rendered as a ball and stick model, is also indicated. SDS-PAGE of pig heart SCHAD enzyme preparatitBar et al.,

1980. Therefore, the possibility cannot be ruled that out that two
isoforms do exist in heart tissue, and the sequence reported here
describes only the species that crystallized.

) o . . . Determination of the pig heart and pig smooth muscle amino
cgntglns an NAD binding QOmaln thgt ado.pts.atyplcal.nuclleotlde- acid sequences reveals that the two enzymes are identical. In light
binding f‘?'d and aC-t_err_mnaI_ domam, which is pnmaml.yhehcal of this observation, it is unlikely that significant isoforms of the
a_nd mediates subunit dimerization. The cDNAs for pig heart andenzyme exist, particularly since a comparison of the correct pig
pig smooth m”SC_'e SC_HAD have been subcloned and sequepceﬂ]er and heart SCHAD sequences indicates that they too are iden-
The deduged amino acid sequences were compared to a prewouﬂgal (Fig. 3). Absence of SCHAD isoforms is also consistent with
reported PIg heart_ S_CHAD amino "’}C'd sequence and tp the "€house studies in which high sequence conservation is maintained
_Ce”“_y described plg Ilyer SCHAD primary sequence. Amino aCIdacross tissue€D’Brien & Strauss, unpubl. obs.Studies in which
|dc_ent|ty between pig Ilvgr, _smooth muscl_e, and t_he newly d(Eter'the catalytic activities of the heart and liver enzymes are compared
mined heart sequence |qd|catgs errors in the pig heart SCHAlairectIy are unlikely to demonstrate the measurable differences that
sequence described previousBitar et al., 1980. had been previously reportééie & Yang, 1998.

During preparation of this paper, an independent determination
of the pig heart SCHAD sequence was reported that indicated that
the pig liver and pig heart SCHAD sequences are identici&

7 T ™ T T T T T ] et al., 1999. Initially, we interpreted this finding in light of the
ok . ] published pig liver sequendéie & Yang, 1998. There are four
[ amino acid differences between the reported liver sequtiee
sE . 3 Yang, 1998 and the pig heart sequence detailed here; specifically
) - Ala7 of the pig heart sequence was reported as Ser in liver, 11e50
— 4F . - as Thr, Ala66 as Val, and Ser116 as Asn. These substitutions were
2 " suggestive of polymorphisms between heart tissue samples. How-
E 3 3 E ever, a closer examination of the pig heart sequence réptert
2 b -, 3 et al., 1999 reveals an ambiguity within the literature. In partic-
3 < ch ue . -t.:"'_;-' ular, the SCHAD sequence reportéde et al., 1999is identical
1F s #ﬁ' %ﬁ L ‘# ‘%Eﬁ;g;é: to the pig heart sequence determined here. Therefore, it is likely
0 ﬁ %oy " Mﬂ 'ﬂf’?ap‘” that the reported pig liver sequen@dge & Yang, 1998 is inaccu-
200 240 80

rate. Furthermore, the sequences for both enzymes have been de-
posited in Genbank and are identical. The correct primary structures
of pig heart, liver, and smooth muscle SCHAD are aligned in
Fig. 5. Similarity of pig and human heart SCHAD subunit models. RMSDs Figure 3.

were calculated for each residue of human vs. pig SCHAD subuiaipén A comparison of the final pig heart SCHAD mod@&B dimer)
symbolg and subunit Bffilled symbols. Results are plotted as RMSD vs.  gnd the human heart enzyme structure reveals that the two are

residue number to illustrate the extremely small differences in residu - - . S S
position exhibited between pig and human enzyme. However, residueegearly identical(Fig. 5. This similarity is expected considering

60-80, corresponding to the helix-turn-helix tail, exhibit significant dif- their strong sequence homologlig. 3). For a-carbons, the two
ferences between the two models and may indicate structural flexibility. models have an RMSD of 0.96 A; this value drops to 0.76 A when

40 80 120 160 2

Residue Number
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residues 60B through 80B, corresponding to the helix-turn-helixis not the case. Since the NADbinding domain is relatively well
“tail” of subunit B, are omitted from the calculation. The two defined in the third subunit, particularly at contact sites with the
a-helices that extend from the NADbinding domain of subunit  A-B dimer, the poor density observed may be the result of disorder
B in the pig heart structure are considerably shifted with respect tin the C-terminal domain. The orientation of the C-terminal do-
the corresponding region of the human structure. This observatiomain relative to the NAD binding domain is determined by a
is consistent with the relatively higB-factors observed in this short linker region(residues 202-206that contains the highly
region, which suggest a high degree of mobility. conserved PGF sequendég. 3). Perhaps this region serves as a

Afunction for the helix-turn-helix “tail,” which connects strands hinge between the two domains and thus allows a considerable
B2 andB3 of the NAD"-binding domain, has yet to be ascribed. range of motion.
This motif contains numerous polar resid&sg. 3) and extends Previous attempts to complete the pig heart SCHAD model
from the globular NAD binding domain(Fig. 4). A sequence were certainly hampered by having both a partially incorrect amino
comparison of several3-hydroxyacyl CoA dehydrogenases does acid sequence and a peculiar occurrence of three subunits within
not indicate strict conservation of amino acid residues in this rethe asymmetric unit. The unusual crystal packing by itself should
gion, but an abundance of polar residues is clearly obsd®an)- not have precluded a successful structure determination as evi-
ckietal., 1999. The “tail” may serve as a contact site for undefined denced here. Furthermore, the errors in the amino acid sequence
electrostatic intermolecular interactions through its charged aminshould have presented themselves had the initial phase information
acid side chains. The high mobility observed in this region maybeen more accurate. Unfortunately, the initial electron density maps
facilitate such an interaction. An attractive candidate for binding atwere of marginal quality extending only to 3 A. Thus, the ambi-
this site is the adenylate component of the acyl-CoA substrate. Thguities introduced by sequence errors and unusual crystal packing
charged phosphate groups of this moiety have been predicted kid not allow for significant improvements to the phase informa-
spin-labeling and molecular modeling studies to be in the vicinitytion. Although the sequence errors were local in nature, they were
of the helix-turn-helix tail(Hartmann et al., 1991Alternatively, propagated along the peptide backbone once initial amino acid
this motif may be a vestige of a prior functional domain. A similar assignments were made. Without significant improvements in the
protrusion is observed in the structurally homologous FAD bindingA—B dimer due to incorrect amino acid placements, the density for
domain of glutathione reductag#littl & Schulz, 1994. Subunit  the C-subunit remained nebulous. Even with good starting phase
oligomerization is mediated through this appendage in glutathionénformation obtained via molecular replacement, clear density for
reductase, but clearly not in SCHAD. Perhaps the highly flexiblethe NAD* binding domain of subunit C was not observed until
nature of the helix-turn-helix tail in SCHAD simply reflects lack of later rounds of refinement as indicated in Results. Remarkably, the
functional importance. overall fold of the previously reported preliminary chain tracing of

The completion of the pig heart SCHAD structure also validatespig heart SCHAD(Birktoft et al., 1987 is comparable to the
two points of the human heart SCHAD structural mod&hrycki model described here, indicating that the initial phase information
et al., 1999. The human heart SCHAD was expressed with anobtained by multiple isomorphous replacement techniques was valid.
additional six-histidine arm on its C-terminal to facilitate purifi-  In summary, the primary amino acid sequence and high resolu-
cation. Although this recombinant enzyme displayed catalytic chartion crystal structure of pig heart SCHAD have been determined.
acteristics similar to other-3-hydroxyacyl CoA dehydrogenases, The completion of the pig heart SCHAD model was facilitated by
the secondary structure of the enzyme could have been altered lilye use of the independently determined human heart SCHAD
the presence of the histidine arm. The similarity observed in thestructure as a molecular replacement probe. Examination of the
C-terminal regions of the pig and human heart structFég. 5, electron density maps identified possible sequence errors within
residues 280—-302rgues that the additional histidine residues arethe previously reported pig heart enzyme sequence and validated
not a significant perturbation. Second, a spurious mutation washe presence of 1.5 dimers in the asymmetric unit. The pig heart
found in the human heart SCHAD cDNA, altering a phenylalaninemodel and primary sequence determined are both nearly identical
to a cysteine residu@80C). This substitution is not located at the to those of the homologous human enzyme.
enzyme active site and did not appear to affect enzyme structure or
function. The pig heart structure, which contains a phenylalanin .
at position 80, justifies the human heart SCHAD model; no sig-ei\/latenelIS and methods
nificant structural changes between the pig apd human heart mo%urification, crystallization, and X-ray diffraction
els can be attributed to the F80C substitutiéig. 5). .

) . ) . studies of SCHAD

A crystal packing arrangement in which three subunits were
contained in the asymmetric unit for a dimeric protein was thoughtThe diffraction data used for the current study were obtained as
to be unique at the time of publication of the pig heart SCHAD described previouslyBirktoft et al., 1987. Briefly, SCHAD was
a-carbon tracing. An analogous case in which three subunits arpurified from pig heart tissue using ammonium sulfate precipita-
contained within the asymmetric unit for a tetrameric enzyme hadgion, gel filtration, and ion exchange chromatograpgioyes &
recently been reporte@Guenther et al., 19991t certainly is a  Bradshaw, 1978 Crystals were grown in 10 mM Tris, pH 8.0,
curious situation for identical dimeric proteins, as judged by aminocontaining 1 mM dithiothreito(DTT) and 0.05% Nap| at room
acid sequence, to manifest their twofold symmetries using bothemperature using a protein concentration of 5mg. Typically,
local and crystallographic axes within the same crystal. Surpriserystals were obtained within the precipitant range of 11 to 14%
ingly, the third subunit exhibits the weakest density. Intuitively, polyethylene glycol 600Qw/v). They belong to the space group
one might expect that the subunit along the crystallographic twoC222, with unit cell dimensions o= 227.2 Ab=82.2 A, and
fold axis would have the strongest density; the electron density ot = 124.7 A. Crystal density measurements suggested the unusual
the biological dimer would be averaged across the twofold axisoccurrence of three subunits within the asymmetric unit, despite
and result in stronger electron density for the subunit. Clearly, thighe fact that the enzyme is active as a dimer. A noncrystallographic
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symmetry axis was also detected at polar angles ef 45°, ¢ = oligo also derived from the human sequence. Specific oligo se-
45°, andk = 180 (Holden & Banaszak, 1983Diffraction data  quences are:'5oligo ATGGCCTTCGTCACCAGGCAGTTC; 3
were collected at the University of California at San Diego andoligo, TCACTTGTATTTGTAAAATCCTTCTCC. The second PCR
extended to 2.8 A resolution. The data set obtained from crystalgielded a single product, which was sequenced directly by dideoxy
of SCHAD complexed with NAD was greater than 98% com- chain termination. The final eight residues of the pig heart se-
plete(85% in the outer most shelvith anRyerge= 4.6%(Birktoft quence are derived from the oligos employed and not from the
et al., 1987. isolated mMRNA. The cDNA for pig smooth muscle SCHAD was
obtained from Stratagene’s porcine smooth mugateta cDNA
library, using exon 1 of the human SCHAD gene as a probe for
screening. A single clone with a 1.8 kb insert was isolated, and the
The structure of pig heart SCHAD was determined by moleculamucleotide sequence was determined by dideoxy chain termination.
replacement techniques using the Crystallography and NMR Sys-
tem (CNS) software packagéBriinger et al., 1998 The dimeric
model of human heart SCHA[Barycki et al., 1999was used as  Acknowledgments
a probe, and data from 16 & A were evaluated. The initial cross ) ) o )
otation search provided fve possible Soutons. Subsequent Pafl® 1'% XS0 B Hoethe o i contbulons fraugh e mar,
terson correlation refinement followed by a translation search usinginnesota, and also Axel Briinger for providing us with the beta version of
each possible cross-rotation solution yielded an unambiguous S@NS. We are also grateful to Dr. Melanie Simpson for thoughtful discus-
lution, with three of the initial self-rotation solutions giving nearly SiOflsdrectJafdli?gnthe hmanUSthitpt-J ggspgzrog}%g\;%sé Blipported }:Jy a NIH
H H initi 0, H post-aoctoral tellowship grant to J.J. - - research sup-
Ifle gzzaalftr:fl::;sia -It-)r(])?j;nrlgf}acherrﬁte\;]Vf ST:]lg.Ze/;ljl\f[\ierécghdargg?sg) ;r(:]a_port to L.J.B. from the NIHGM13925, and computational support from

' ' the Minnesota Super Computing Institute.
tion produced a readily interpretable electron density map.
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